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 Optical modulation has shown the selective and sensitive signal improvement in 
high background systems that are often limiting factors in cell imaging.  However, cell 
applications are still limited due to biocompatibility and delivery issues.  Extensively used 
in cellular imaging applications, fluorescent proteins have a variety of optically accessible 
states that make them ideal candidates for investigation of modulatability.  Combining the 
optical modulation technique with the biocompatibility of fluorescent proteins is a major 
advance.  This work focuses on evaluation fluorescent proteins and their optical states for 
modulation, as well demonstrations of cellular imaging. 
 Herein, we evaluate a variety of fluorescent proteins with interesting photophysical 
properties.  Though hard to predict the long-wavelength absorption of a dark state, these 
proteins have optically accessible states that may be favorable for optical modulation.  One 
particular green fluorescent protein is found positive for long-wavelength optical 
modulation.  This provides a base for further investigation of the photophysical state and 
timescale dictating modulation and reveals the presence of a slow component on the order 
of milliseconds.  This millisecond component suggested a cis/trans isomerization and to 
better understand the mechanism responsible modulation, blue fluorescent proteins are 
created to modify the chromophore environment to probe this effect.  With mutation to 
amino acids with contact to both isomers, the extraction of photophysics confirm the 
alteration timescales of the modulated state based on these key mutations.   
 The continued investigation of other fluorescent proteins identifies modulatable 
proteins across the visible wavelength region creating a wide palette of modulatable 
fluorescent proteins.  Many of the fluorescent proteins exhibit a dark state absorption into 
xxv 
 
the near infrared suggesting a complex mechanism of modulation.  In addition to the 
structural dependence of modulation, additional environmental factors display a 
fluorescence enhancement and timescale dependence.  This information brings to attention 
that suggest mechanism of cis/trans isomerization coupled with a proton transfer.  With 
this knowledge of the properties dictating optical modulation, this allows for the 
engineering of improved modulatable proteins to study cellular dynamics. 
Motivated by the ability to improve imaging and decode hidden dynamics, 
demodulation of these proteins demonstrates the selective recovery of signal in the 
presence of high cellular background.  A blue fluorescent protein optimized for long-
wavelength modulation demonstrates the removal of high autofluorescent background 
which is usually the limiting factor in blue fluorescent protein use.  Additionally, a 
modulatable green fluorescent protein shows up to 20-fold signal improvement over high 
background of similarly emitting, unmodulatable fluorophores.  This paves the way for 









1.1 Motivation  
 At the forefront of the discussion, fluorescence microscopy has been become an 
essential tool in understanding the subcellular localization and dynamics of cellular 
processes.1-10   Continued development of improved fluorescent probes and techniques is 
important to answer biological questions.1,2,5,6,10-12  Current research is focused on both 
fluorophore improvement13 for biocompatibility, brightness, labeling efficiency, and 
photostability and technique development.14-19 Sensitivity improvements that directly 
distinguish weak signals with high background are crucial to improved cellular imaging. 
Fluorescent proteins have become almost synonymous with fluorescent biological 
imaging.  Mutagenesis of the protein’s chromophore and surrounding amino acids has 
resulted in wide spectral range of emitters.20  Addressing many of the pitfalls of other 
exogenous fluorophores, fluorescent proteins have been used extensively in fluorescent 
imaging7,10,21-24, sensing11,25,26, and protein interactions27-29 applications, but have cellular 
imaging limitations such as signal discrimination in high heterogeneous background, 
spectral deconvolution, and detection of low concentrations.  A common approach to 
autofluorescence is the use of red spectral fluorescent proteins.24,30-33  However, limiting 
imaging to the use of only red fluorescing proteins narrows the useable proteins in 
multilabel/multicolor imaging.   
An approach to improving signal to background in high background samples is 
optical modulation.  Contrary to that in dual, high-energy laser photoswitching 
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schemes16,17,34-36, fluorescence is encoded with the externally applied modulation 
waveform of a lower energy laser than fluorescence, enabling direct decoupling from 
unmodulated background upon demodulation.  Fluorescence is specifically recovered from 
background through Fourier transformation of the encoded fluorescence signal to yield the 
amplitude at the modulation frequency.  Synchronously amplified fluorescence image 
recovery (SAFIRe) enables selective detection at the external modulation frequency to 
greatly reduce background and noise while amplifying only the signal of interest.19,37  
Cellular imaging with this technique was shown with fluorescent, modulatable silver 
clusters attached to the cell surface even in the presence of high background.37   The 
SAFIRe technique is capable of > 100-fold improvement of signal visibility19; however, to 
date, has been limited in live cellular applications.  Combining the SAFIRe technique with 
the biocompatibility of fluorescent proteins would be a major advance in high background 
biological imaging and detection. 
Expanding optical modulation to fluorescent proteins offers both greatly improved 
sensitivity by removing the spatially heterogeneous background typically encountered in 
biological imaging and the opportunity to further distinguish signals from multiple proteins 
with strongly overlapping spectra.  This work focuses on the discovery and use of 
fluorescent proteins in optical modulation schemes for high sensitivity in fluorescent 
cellular imaging.  Additionally, this work studies the optical states involved in modulation 
for fluorescent proteins for the determination of a possible mechanism and optimization 
pathway.  This work will demonstrate the modulation of a number of native and modified 
fluorescent proteins across the visible wavelength spectral window and the usefulness 
across different cellular imaging conditions. In addition, the extraction of photophysical 
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parameters of modulatable fluorescent proteins provides information of optically 
accessible dark states in fluorescent proteins.  This information is important in moving 
modulatable fluorescent protein development forward as it provides a mechanistic 
hypothesis for better fluorophore creation.    Ultimately, the advancement of optically 
modulated fluorescent proteins will expand the range of addressable biological questions. 
1.2 Fluorescence Microscopy in Biology 
 The field of cellular biology is intimately linked with the optical microscope.  Using 
a very simple optical microscope, Robert Hooke was the first to visualize the cell, and 
Anthony van Leeuwenhoek discovered bacteria.38,39  In the 1800s and 1900s, the optical 
microscope was used in many studies of anatomy and histology.40,41  Thus, with the 
development of histological dyes the first visualization of cellular structures was made.  
With the discovery of fluorescence, new advantages of using fluorescence in combination 
with optical microscopy were realized.  While Ellinger and Hirt in collaboration of Carl 
Zeiss is credited with the first fluorescence microscope, the technique has provided 
unparalleled insights into cellular structure and dynamics.42 
1.2.1 Fluorescence Principles 
Despite the observation of fluorescence in quinine and chlorophyll solutions in 
1838, it was George Stokes that coined the term in 1852.41-43  Fluorescence arises from the 
interaction of light with molecules and is often represented using a Jablonski diagram 
(Figure 1.1).43  Unique to each molecule, the potential energy landscape is schematized as 
light connecting reduced dimensionality lower (ground state) and higher energy level (an 
excited state). Upon illumination, the absorption of a photon can temporarily excite an 
electron from the ground state to an excited state.  Once in the excited state, the electron 
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can return to the ground state with emission of a photon of light. The difference in energy 
between ground state and excited state is dependent on the structure of a molecule.   
However, the wavelength of light emitted is shifted from the original absorption photon.  
When this shift is to lower energy it is known as the Stokes shift, and can be due to 
interactions with the environment while in an excited state.  The Stokes shift causes the 
emission wavelength to be longer than the excitation wavelength, and this difference is 
crucial to utility and specificity of fluorescence techniques.  The excited state electron can 
also relax through different paths.  Part of the energy of an absorbed photon can be non-
radiatively lost as heat or through chemical reactions as the excited molecule collides with 
molecules in its environment.  Additionally, electrons can undergo intersystem crossing to 
the first triplet state T1 in which it can non-radiatively decay to the ground state or emit a 
photon as phosphorescence.  This emission is generally shifted to longer wavelengths and 
smaller rate constants than fluorescence. 
 
 




1.2.2 Fluorescence Microscope 
At their core, fluorescent microscopes have the same optics as optical microscopes 
with the addition of special filters to filter the excitation and emission light used or 
collected.  However, the use of fluorescence through a microscope has a number of 
advantages including specificity, sensitivity, and high temporal and spatial resolution not 
achieved in basic light microscopy.44  Fluorescence microscopy uses the acquisition of 
spatial information (and in living specimens, temporal alterations in this spatial 
information) of objects that are either intrinsically fluorescent or which have been coupled 
to extrinsic fluorescent molecules too small to be seen with the naked eye.43,45   
First developed in the 1960s, epi-fluorescence (or epi-illumination) microscopes 
are configured with the objective both focusing the excitation light and collecting light 
returning to the detector.42  The resulting sample fluorescence is separated from excitation 
light by a dichroic mirror and appropriate filters so excitation light is reflected back into 
the objective and desired fluorescence is transmitted.  In biological systems, epi-
fluorescence is used in a wide-field configuration in which the entire sample is illuminated 
with a uniform beam of light.  This allows for imaging of the entire sample at once; 
however, fluorescence from out-of-focus light interferes with the in-focus image 
decreasing the resolution, sensitivity, and imaging depth.  
Recent advancements have worked to develop more specialized techniques to 
eliminate the out-of-focus light outside the imaging focal plane.45  Confocal microscopy 
illuminates the sample with a light beam that is tightly focused, detecting signal only from 
the same tightly focused region where the sample is illuminated.46  Multiphoton 
microscopy provides 3D imaging resolution and optical sectioning based on the excitation 
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point spread function, as opposed to confocal microscopy, which is governed by an 
illumination and collection pinhole.47 The long wavelength and nonlinear nature of 
multiphoton imaging give it the advantage of better penetration depth for deep tissue 
imaging.46,47 
1.2.3 Select Fluorescence Microscopy Techniques 
Increasingly elaborate fluorescence techniques have been developed to get a deeper 
understanding of complexities and motions of cells and have shown great potential for 
qualitative and quantitative studies of the function and structure.  The specialized 
techniques are numerous; however, a few representative techniques and their role in 
biological studies are described below. 
1.2.3.1 Fluorescence Correlation Spectroscopy 
Rather than use the fluorescence itself, fluorescence correlation spectroscopy (FCS) 
takes advantage of the fluctuations in the fluorescence intensity to gain insights into the 
light-induced photophysics as well as diffusion behaviour and absolute concentrations of 
detected particles.48  The key to FCS is making the number of fluorophores small enough 
so that each substantially contributes to the signal.  The small focal volume achieved in 
confocal microscope allows for the reduced concentration of studied molecules.  In 
practice, fluctuations in the fluorescence signal are analyzed by temporally auto-correlating 
the recorded intensity signals.  These fluctuations could be due to diffusion, concentration, 
or photophysical characteristics of the fluorophore.49  With appropriate fitting functions, 
the characteristic time constants responsible for the fluctuations can be extracted.  This has 
become an important tool in the investigation of fluorophore dynamics50-53 and, more 
recently, the measurement biochemical parameters of protein-protein interactions.27,54 
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1.2.3.2 Förster Resonance Energy Transfer 
Normally used in the investigation of intracellular proteins and protein 
conformational changes, Förster resonance energy transfer (or fluorescence resonance 
energy transfer) is able to report on the dynamic distance between two fluorescent 
molecules.3,10,36,42,43,55,56  In FRET systems, two molecules having overlapping emission 
and excitation energy are used as “donor” and “acceptor”, respectively.  When donor 
molecules are excited with an appropriate wavelength to induce fluorescence, the emission 
energy is transferred to the excitation of a nearby acceptor.42,56  Optimal transfer is reliant 
on a number of parameters including the overlap of the donor emission and acceptor 
excitation.  However, the most important parameter is the distance between the two 
molecules.  As the efficiency of transfer is extremely sensitive to the separation distance 
between fluorophores (1-100 Å), FRET can report on spatial distances within a 
fluorescence image to below 10 nm.42,56  As a result, FRET has become a molecular ruler 
for biological processes that cannot be imaged alone. 
1.2.3.3 Total Internal Reflection Microscopy 
 As an improvement to confocal microscopy, total internal reflection fluorescence 
(TIRF) microscopy restricts the excitation volume of a sample to a small section 
immediately adjacent to a glass-water (or glass-buffer) interface.40,43,57,58  By aligning the 
excitation beam at a high incident angle (critical angle) through the glass coverslip, the 
beam of light is totally reflected from the glass/water interface, rather than passing through 
and refracting in accordance with Snell's Law.46,57,58  The reflection generates a very thin 
evanescent wave (usually less than 200 nm) in the aqueous medium that undergoes 
exponential intensity decay with increasing distance from the surface.57,58  Fluorophores 
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residing near the glass-liquid surface can be excited by the evanescent wave; however, 
because of the exponential intensity decay, fluorophores not in the focal plane avoid being 
excited.  Due to the narrow excitation plane, TIRF rejects fluorophore signals outside the 
focal depth, and produces high-contrast images of surface events with a significant increase 
in signal-to-background ratio over classical widefield techniques.46  As the evanescent 
wave restricts illumination to ~200 nm beyond the surface, TIRF is ideally used to visualize 
membrane interactions or internalization at the membrane.59,60 
1.2.3.4 Optical Lock-in Detection 
In contrast to super-resolution techniques14,16,18,23,35,61,62, optical lock-in detection 
(OLID) aims to improve imaging contrast to be able to visualize the signal of interest over 
high background.17,63  Developed by the Marriott group, OLID involves modulating the 
fluorescence emission of the fluorophore through optical control of its fluorescent and 
nonfluorescent states, and subsequently applies a lock-in detection method to isolate the 
modulated signal of interest from nonmodulated background signals.17  Reconstructed 
images are based on the correlation of each image pixel to a reference fluorophore with the 
ideal waveform of the signal of interest.  As a result, the signal of interest is amplified over 
background as background will not have the exact waveform and thus is only weakly 
correlated with the OLID signal.  This approach has up to 20-fold improvement of one dye 
over high autofluorescent tissue background, when an exogenous reference dye can be used 
as a reference signal.17  
1.3 Fluorescent Labels 
 The essence of fluorescence microscopy is the identification of a target based on its 
own fluorescence or that of a fluorescent tag.  This requires that its fluorescence must be 
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unique in some way, and ideally have negligible background signal.  An ideal fluorescent 
label should meet some or all of the following requirements42: 
i) Convenient and selective excitation and detection. 
ii) High brightness. 
iii) Good chemical and photochemical stability. 
iv) Easy and fast deliverability to the target. 
v) High affinity and high specificity for the target. 
vi) Insensitivity to the chemical environment of the target. 
vii) Absence of biochemical and structural perturbation of the system under study. 
A number of fluorescent labels exist each with their own advantages and disadvantages.  
In addition to these ideal conditions, fluorescent labels must be selected based on the 
application. 
1.3.1 Intrinsic Fluorophores 
 There is a small portion of natural fluorophores that absorb in the ultraviolet, 
visible, and near-infrared spectrum and are fluorescent.  These natural emitters are usually 
organic molecules with extended π-conjugation.  Examples of intrinsic fluorophores 
include amino acids, coenzymes and vitamins, nucleic acids, alkaloids, oxygen ring 
compounds (like coumarins), and dyes and pigments (like the chlorophylls).41,42  Amino 
acids are of particular interest to cellular imaging due to their ubiquity, and of these only 
phenylalanine, tyrosine, and tryptophan are aromatic and fluorescent.  They are mainly 
responsible for protein fluorescence under UV excitation.  Of the three, tryptophan 
dominates when present because of its moderate fluorescent quantum yield, absorption 
coefficient, and the long emission wavelength (310-340 nm) compared to the other two 
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fluorescent amino acids.64  Other natural visible fluorophores include the coenzymes, 
nicotinamide adenine dinucleotide hydride (NADH) and flavin adenine dinucleotide 
(FAD).65,66 
1.3.2 Organic Dyes 
The most established biological labels are organic dyes.  In general, these organic 
dyes are based on the same extended π-conjugation found in natural fluorophores.  
However, these dyes have been engineered with larger π systems and increased rigidity to 
have much higher fluorescent quantum yields and/or extinction coefficients.42 Available 
organic dyes range in emission colors across the UV/Visible spectrum and into the near-
IR.  The most common, brightest organic fluoroscent labels belong to the xanthene, 
BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene), and cyanine families.67  
Additionally, the relatively small size compared to their target protein make organic dyes 
highly favored in applications for minimum perturbation to the investigated system.  
Protein labeling in vitro is well-established, and usually involves the formation of a 
covalent bond between the target and the fluorescent label.  However, in vivo labeling 
requires exceptional selectivity in techniques to deliver the dye across cellular membranes. 
1.3.3 Nanoparticles 
An alternative to small organic organic fluorophores, intrinsic or extrinsic, is the 
use of quantum dots (QDs) and other luminescent nanoparticles.68-70  A recent advancement 
driven by the need for brighter fluorophores for single molecule studies and use in high 
background biological samples, quantum dots have the advantage of better photostability, 
high luminescence, narrow emission bands, and high two-photon absorption cross sections.  
In general, quantum dots contain a semiconductor core surrounded by a stabilizing alloy 
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shell.  The wavelength of the quantum dot is tuned by the size of the core. To increase the 
usefulness in biological applications, the ligands used in synthesis are exchanged with more 
biocompatible ligands such as polyethylene glycol.70  However, when functionalized and 
optimized for cellular studies with targeting ligands quantum dot size can reach 20-30 nm 
in diameter.69  This makes delivery and release to the cytoplasm difficult limiting the 
application usefulness of QDs.  Additionally, a few studies have suggested that the alloy 
metals have an increased toxicity compared to organics.71,72 
Additionally, other luminescent nanoparticles have been developed to overcome 
some of the disadvantages of QDs.  The emergence of fluorescent silver clusters that 
possess advantages of both small size and good brightness opens a complementary path 
toward biologic labeling.73  Specifically in our lab, we have developed spectrally pure 
silver nanoparticles encapsulated in single stranded DNA (ssDNA).74  Taking advantage 
of the affinity of DNA to silver, silver clusters have been created ranging in size of 5 to 11 
atoms of silver and exhibiting optical properties ranging from blue to near-IR emission and 
up to 40% fluorescence quantum yields.74,75  While the optical properties are mostly 
dependent on the cluster size, sequence dependence is also important allowing for fine-
tuning for specific applications.76  Our lab has demonstrated the use of silver nanoparticles 
in cellular labeling and the extraction of signal in high background.37 
1.3.4 Fluorescent Proteins 
Used extensively from cell biology to physiology, fluorescent proteins are used to 
localize and elucidate the dynamics of proteins, organelles, and other cellular 
compartments.1,2,5,21,22,36  In general, fluorescent proteins are proteins with chromophores 
embedded in a -barrel structure.77  The main advantage fluorescent proteins have over 
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exogenous fluorophores such as organic dyes and nanoparticles is the high 
biocompatibility.  There exist established protocols for the expression of the target protein 
as a chimera with the choice fluorescent protein to allow for the labeling of almost any 
protein of interest in the cell.36,78  The disadvantage to organic dye counterparts is that 
maturation of the protein can take 30 minutes to a few hours, making the ability to label a 
longer process.  A further detail discussion of fluorescent proteins and their use in biology 
is presented in 1.4. 
1.4 Fluorescent Protein Background 
 Within the last 20 years, fluorescent proteins have become an essential part of 
biological fluorescence microscopy.  Origins of fluorescent proteins stem back to the 
investigation of the jellyfish Aequorea victoria and its green emission from certain organs.  
Through isolation of fluorescent extracts, the aequorin chemiluminescent protein was 
discovered, though the aequorin emitted blue light instead of the expected green 
emission.79  The companion protein to the aequorin was the green fluorescent protein 
(GFP).  It was determined the aequorin complex undergoes energy transfer to GFP to give 
off the green fluorescence observed in vivo.80,81  Surprisingly, GFP is present in a variety 
of organisms which have the same chromophore.82,83  It was not until the advent of cloning 
techniques that GFPs made their way into cellular imaging.  In 1992, Douglas Prasher 
cloned the complete GFP gene for the first time which led the way to expression of the 
gene in organisms.84  The usefulness of fluorescent proteins was gaining traction and 
researchers were getting interested in events inside living cells.85  However, alone the 
optical properties of wild-type GFP (WT-GFP) were not optimal for fluorescent imaging.  
In 1994, Roger Tsien and his group established a single point mutant (S65T) of GFP with 
13 
 
a much better intensity and photostability than the WT-GFP.86  In 2008, Osamu 
Shimomura, Martin Chalfie, and Roger Tsien won the Nobel Prize in chemistry for their 
pioneering work with the green fluorescent protein.87 
1.4.1 Protein Structure 
 Two independent reports of the x-ray crystal structure of Aequorea green 
fluorescent protein (PDB IDs 1EMA88 and 1GFL89) revealed that the GFP has a unique 
overall secondary structure comprised of an 11-stranded β-sheet wrapped into a 
cylindrical β-barrel protein88-91 (Figure 1.2 A).  Attached to a helical segment of the protein, 
a chromophore is located near the center of the protein protected by the barrel. Numerous 
subsequent structures of fluorescent protein homologues from other organisms have 
revealed that all fluorescent proteins share the β-barrel fold.77,78,92   Overall stability is 
maintained by the β-barrel, helping to resist unfolding due to heat or other denaturants.77,91  
The chromophore of GFP is a tripeptide consisting of the residues serine, tyrosine, and 
glycine at positions 65-67 in the sequence. The chromophore (Figure 1.2 B) forms after 
translation through a self-catalyzed intramolecular rearrangement of the tripeptide 
sequence, without the requirement for cofactors or external enzyme components (other 
than molecular oxygen).86,91,93  The fluorescent species is a result of highly conjugated π-
electron resonance system that largely accounts for the spectroscopic properties of the 
protein.94  Extensive mutagenesis studies suggest that the G67 is critical in formation of 




Figure 1.2 Model fluorescent protein and chromophore.  (A) Cartoon rendering of green 
fluorescent protein (PDB: 1EMA)88 and (B) the autocatalytically modified chromophore.  
Drawn using PyMOL Molecular Graphics System, Schrödinger, LLC. 
 
1.4.2 Color Palette 
Mutagenesis efforts in the original Aequorea victoria jellyfish green fluorescent 
protein have resulted in new fluorescent labels that span almost the entire visible spectrum.  
The secondary structure of the protein has a high degree of stability making it resistant to 
temperature and environment, and slight modifications to the amino acid sequence rarely 
destroys fluorescence.77  While many spectral variants have been developed by engineering 
specific mutations to the WT-GFP, other redder variants have been discovered from reef 
corals.  Those from the WT-GFP include the blue95-99, cyan100-103, green78,88,100,104,105, and 
yellow emitters106-112.  One example of non-bioluminescent reef corals is the dsRed derived 
from the Discosoma species.92,113-117  Site-directed and random mutagenesis investigations 
have revealed that fluorescence is very dependent on the three-dimensional structure of 
amino acid residues surrounding the chromophore.91,100  Not only do these mutations alter 
spectral characteristics of fluorescent proteins, single point mutations of fluorescent 
proteins have demonstrated the change in photophysical lifetimes.50,118   
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Additionally, proteins that undergo photoswitching between a fluorescent, bright 
state and non-fluorescent dark state have been developed.118-121  This photoswitching 
occurs in part by interconversion between the deprotonated (on state; bright) and 
protonated (off state; dark) forms and from cis-trans isomerization of the chromophore 
moiety.122-127 
1.4.3 Photophysics 
The tyrosine-based chromophore in wild-type GFP exhibits two main absorption 
peaks with maxima at 398 nm (band A) and 478 nm (band B), associated with the 
chromophore and its conjugate base, respectively.128-137  Excitation of band A 
simultaneously yields weak 460 nm and strong 508 nm emissions. The dual absorption and 
emission, together with a large kinetic isotope effect and extensive photophysical studies, 
have led to the conclusion that an excited state proton transfer (ESPT) reaction138 (Figure 
1.3), followed by additional structural changes, dominate much of the fluorescent protein 
photophysics.  Non-covalent coupling of the chromophore to the protein backbone is 
facilitated via an extended hydrogen-bonded network139, within the protective β-barrel.77,89  
 




While modification of ESPT rates leads to emission wavelength control, 
photoinduced isomerization (“trans/cis”) is a parallel but generally low quantum yield 
process.  When coupled to the proton transfer process, the combined long-lived 
(isomerization) and wavelength-shifting (proton transfer) processes have yielded several 
photoactivatable (or “kindling”) proteins, as well as switching proteins. Although 
published crystal structures of the fluorescent proteins all indicate a ground-state in the cis 
conformation, the trans conformation, coupled with proton transfer to yield the neutral 
chromophore leads to the presence of dark states from which anionic fluorescence is 
recoverable upon re-irradiation at 405 nm.140  Several recent crystal structures of both 
stereoisomers have been obtained in photoswitchable proteins118,120,122-125,127,141,142, 
providing further evidence that the so-called dark state143 of GFP and some of its 
derivatives is the trans isomer.144  There is a considerable amount of information about the 
role of isomerizations in blinking, which has largely been attributed to intersystem 
crossing.140 
1.5 Fluorescent Proteins in Biological Applications 
   The high biocompatibility of fluorescent proteins has made them useful in a 
variety of biological applications.  With the copious numbers of fluorescent protein fusion 
tags in a rainbow of colors, the complexity of biological applications has increased.  The 
development of proteins yielding various emission colors has extended multi-color 
imaging.3,95,119  Proteins with increased two-photon absorption cross-sections make it 
possible to image at greater tissue depths.145,146  Additionally, the information extracted 
from specialized techniques using fluorescent proteins has expanded the knowledge of 
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cellular dynamics and interactions.  The following discussion is not meant to showcase 
every use but rather the breadth of uses that benefit from fluorescent proteins. 
1.5.1 Imaging 
Fluorescent proteins are probably most utilized in biological imaging.  Fluorescent 
proteins are easily expressed in cells to make them fluorescent.85  However, as subcellular 
localization of a protein is often tied to its function, it is extremely useful to determine 
where a protein of interest resides. While there are many methods for determining 
subcellular localization including electron microscopy147, fluorescence microscopy 
combined with fluorescent proteins provides a convienient way for live cell studies.4,22,36,148  
Molecular cloning and extensive libraries of fluorescent protein fusions allows for the 
labeling of almost every protein of interest.  Additionally, procedures are available to label 
multiple target proteins, and then visualize the location of these target proteins at once with 
appropriate filter sets.  This has been taken a step further with super-resolution techniques 
and photoswitchable proteins to overcome the diffraction limit and have finer resolution of 
cellular structures.14-16,23,61,149 
1.5.2 Sensing 
Fluorescent proteins can be engineered to sense physicochemical parameters such 
as pH, ions, or metabolites.6,11  Fluorescent protein sensors can be divided into three 
classes: intrinsic, fluorescent proteins with an additional domain added, and FRET-
enabled.  The simplest is the sensor that uses the intrinsic properties of fluorescent proteins 
to affect the fluorescent protein.  As discussed in Section 1.4, environmental factors can 
affect the fluorescent protein chromophore and thus fluorescent output.  For example, the 
steady-state fluorescence of wild-type GFP is pH-dependent because of protonation-
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deprotonation of the chromophore.91,106,147,150  Additionally, many yellow fluorescent 
proteins are intrinsically sensitive to halides via a mechanism involving halide-dependent 
shifts in pKa.
25,111  To extend the sensing capability of single fluorescent proteins, extra 
domains are grafted such that changes in analyte concentration indirectly produce a change 
in fluorescence, i.e. conformational change. Examples include calcium ion151-153 and 
voltage sensors154,155.  Finally, the most diverse group, using FRET between spectrally 
distinct fluorescent proteins, has been used as a reporter of analytes.  The engineered 
linkers between the fluorescent proteins are designed to alter the distance in the response 
to the desired analyte.  FRET can either be disrupted as in the case of protease-cleavable 
linkers upon protease activity156-158 or enhanced as in the case of calcium binding to 
calmodulin159,160.  Compared to classical chemical probes, fluorescent proteins and 
constructs have the advantage of being useful in vivo, with quantitative labeling, and in 
some cases real-time without increased cytotoxity. 
1.5.3 Protein-Protein Interactions 
Fluorescent proteins can be used in at least three principal ways to investigate the 
dynamic or stable interactions of proteins of interest: FRET, fluorescence cross-correlation 
spectroscopy (FCCS), and split fluorescent proteins.  In FRET, two proteins of interest are 
fused correspondingly to donor and acceptor fluorescent proteins.56  If the protein 
interaction of interest brings the fluorescent proteins into close proximity, energy transfer 
may take place (see Section 1.3).  An alternative method is based on FCS as discussed in 
Section 1.3.  In dual-color FCCS, the fluctuation of signals is recorded simultaneously for 
two different fluorophores.27 The cross-correlation is a degree to which the two signals 
fluctuate together, which allows one to estimate the interdependence of diffusion rates of 
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two types of molecules due to their interaction in living cells.29,161,162  Unlike FRET, there 
is no distance dependence of the interaction of interest.  Recent work has been on 
developing split-fluorescent proteins in which fluorescent protein halves are fused to the 
two proteins of interest.163 If the target proteins interact, they bring the halves into contact, 
resulting in reconstitution of fluorescent protein and fluorescence appearance.  Split 
proteins are considered to have greater sensitivity than FRET, but as the assembly of the 
fluorescent protein halves is irreversible, a trapped complex may affect the cellular function 
of the complex. 
1.5.4 Limitations 
Fluorescent protein based technologies for in vivo imaging continuously push the 
envelope of experimental biology. On the scale of whole organisms, fluorescent proteins 
make it possible to visualize cells, tissues, organs and even monitor division and migration 
of cells in development.2  However, despite continuing development of these techniques, 
the adoption of fluorescent proteins in certain applications is still limited.  Most fluorescent 
proteins have a fluorescent brightness that is weaker than many organic dyes and 
fluorescent nanoparticles43,67 and are especially problematic for low target protein 
concentration.  Copious amounts of work have been performed to improve the brightness.36  
However, the inherent nature of cellular imaging confounds the issue.  One such issue is 
autofluorescence from intrinsic fluorophores found within the cell.41,42  These fluorophores 
induce a heterogeneous background in imaging while using UV excitation commonly used 
for blue fluorescent proteins and photoswitchable proteins.  Solutions include changing to 
red-emitting fluorescent proteins or “filtering” techniques to suppress unwanted signal and 
magnify the desired one.  However, the consequence is the limitation of multi-labeling 
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schemes in which blue fluorescent proteins can be advantageous.  Additionally, most 
common techniques are based on detecting within a desired spectral window with 
fluorophores as spectrally separate as possible to avoid cross-talk within other emission 
windows.  This limits the number of fluorophores used within a single experiment and 
ultimately results in a reduction in the dimensionality of imaging. 
1.6 Optical Modulation 
Recent techniques have been developed for dealing with complex, high background 
in biological samples.  As discussed in 1.2.3.4, OLID shows improved image contrast by 
controlling the conversion of fluorescent and dark states in photoswitchable proteins to 
regenerate fluorescent populations and correlating with the internal reference to amplify 
the signal of interest.17  However, OLID has disadvantages in cellular imaging.  The first 
is the addition of an exogenous, background-free reference fluorophore from which the 
reference waveform is taken.  Secondly, as the fluorophores commonly used in OLID are 
photoswitchable dyes that need the use of two high-energy lasers relative to fluorescence, 
the addition of background can reduce the contrast achieved. 
As seen with the basic Jablonski diagram (Figure 1.1), intersystem crossing to a 
non-fluorescent dark state saps electrons from the fluorescent manifold decreasing the 
fluorescent quantum yield of the molecule.  As discussed in 1.2.1, excitation results in 
electrons filling the higher electronic levels.  Once there, they can either radiatively decay 
to the ground state via fluorescence or non-radiatively decay into a dark state.  The rate of 
decay into the dark state, kon, is a product of the excitation rate constant, kexc, and dark state 
quantum yield, D.  Once in this state electrons are “trapped” until they naturally decay 
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back to the ground state, with a rate constant koff.  A depopulation of this dark state would 
increase the number of molecules in the fluorescent manifold. 
In contrast to photoswitched-based OLID, our lab recently developed SAFIRe 
(Synchronously Amplified Fluorescence Image Recovery)19, a detection scheme that 
recovers transient dark states of a fluorophore by secondary excitation at wavelengths 
longer than those of the collected fluorescence (Figure 1.4).  Similar to photoswitches, the 
secondary laser excitation alters the relative population between the emissive and dark 
states, and thus the magnitude of the fluorescence intensity increase is directly dependent 
on the rates in and out of the dark state manifold.   
 
 
Figure 1.4 Basic overview of two laser optical modulation. (A) Simplified Jablonski 
diagram showing the processes upon primary laser illumination (h 1) and depopulation 
with the secondary laser (h 2).  (B) The extraction of modulation frequency from 
fluorescence intensity data to selectively recover signal. 
 
This method improves upon some of the drawbacks of OLID.  First, replacing second high-
energy laser with a low-energy laser compared to emission circumvents additional 
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background imposed by a second switching laser.  Secondly, the Fourier transformation or 
lock-in detection at the modulation frequency of the secondary laser eliminates the need 
for an internal reference dye.   
Optical modulation is experimentally performed by illumination with a primary 
laser to excite the molecule and generate the dark state, dictated by kon = kexc*isc.  Instead 
waiting for the dark state lifetime (koff
-1) to return to the ground state, the secondary long-
wavelength laser is applied to the system (Figure 1.4 A).  Dual-laser excitation more 
rapidly depopulates the dark state, thereby more quickly regenerating the fluorescent 
manifold and giving a higher probability of emission than with single-laser excitation 
alone.  Modulating the second laser with a specific waveform, encodes this waveform on 
the dual-laser-excited fluorescence by optically depopulating the dark state at regular 
intervals. The resulting fluorescence time trace can be Fourier transformed to selectively 
recover the signal of interest (Figure 1.4 B) which can eventually be used in image 
reconstruction.     
1.7 Organization of Thesis 
Optical modulation has only been demonstrated with organic dyes and silver 
nanoclusters.  However, the known photophysical states of fluorescent proteins suggest 
that they could form nearly ideal optically modulatable fluorophores for intracellular and 
in vivo imaging.  This work investigates select fluorescent proteins for the capability of 
optical modulation.  Additionally, those discovered to be optically modulated are 
investigated for photophysical timescales responsible for modulation and the possible 
states involved.  An understanding of the optical states involved allows for engineering of 
fluorescent proteins for specific applications. 
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Chapter 3 focuses on work on a modified blue fluorescent protein conducted in 
collaboration with members of the Tolbert and Bommarius groups of Georgia Institute of 
Technology.  Unlike WT-GFP, this tyrosine-based fluorescent protein is not capable of cis-
form excited state proton transfer (EPST) and serves a simplified system to investigate 
modulation and the role of cis/trans isomerization as a possible modulation mechanism.  
Thus, this chapter investigates an engineered protein blue fluorescent protein, modBFP, 
and variants, for long-wavelength modulation and photophysical properties characteristic 
of the modulation.  Additionally, the selective recovery of one variant, modBFP/H148K, 
from high autofluorescent background is demonstrated and points to the renewed utility of 
blue fluorescent proteins. 
Chapter 4 highlights work examining a green fluorescent variant, Aequorea 
coerulescens green fluorescent protein (AcGFP) in collaboration with members of Fahrni 
group at the Georgia Institute of Technology.  In contrast to Chapter 3, the anionic 
chromophore of the green fluorescent protein is investigated.  With the emission shifted 
from a spectral region of high background such as with BFPs and copious amounts of 
characterization, green fluorescent proteins have become a staple in biological imaging.  
The optical modulation and photophysical parameters of modulatable states are discussed.  
Additionally, the utility of modulatable GFPs in inhomogeneous background environments 
was demonstrated in cells. 
Chapter 5 expands upon the work in the previous chapters to further understand the 
mechanism of modulation in fluorescent proteins. This chapter demonstrates the 
modulation of varying colors of fluorescent proteins as well as conditions such as structure, 
pH, and deuterated solvent that lead to alterations in enhancement and photophysical off 
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times of the modulatable state yielding a possible mechanism by which modulation occurs 
in the complex network of fluorescent proteins.  This work serves two roles: the expansion 
of fluorescent probes for better sensitivity in cellular imaging and the understanding of 
hidden protein dynamics for the engineering better proteins whether for optical modulation 
or reduction of dark-forming states. 
Chapter 6 discusses an alternative to single modulation technique, known as dual 
modulation.  The major difference between the two techniques is that in dual modulation 
the primary and secondary laser are modulated, usually at different frequencies.  While 
dual modulation can be used with many optically modulated fluorescent proteins, this 
chapter focuses on the demonstration with photoswitchable proteins.  The characteristic 
frequencies of these proteins are investigated as well as their intensity dependence.  
Additionally, the sensitivity gains in cellular imaging are explored and compared to other 
techniques. 
Appendix A focuses on work done with cyan fluorescent proteins.  This work, while 
still involving the investigation of fluorescent proteins, has been placed in an appendix as 
the chromophore in cyan fluorescent proteins is tryptophan-based unlike the tyrosine-based 
chromophores discussed in the previous chapters.  Thus, the mechanism of modulation in 
these proteins may be different than those already discussed.  Reported in this section are 
the modulation results of enhanced cyan fluorescent protein (ECFP) and monomerized 








2.1 Protein Preparation 
 Fluorescent experiments can be carried out on fluorescent proteins in a number of 
environments, including purified protein in buffer, fixed or in live cells, or purified protein 
immobilized on a gel matrix.  For the purpose of photophysical characterization, the easiest 
way to perform most experiments is with purified fluorescent proteins.  All proteins 
presented in the following chapters were purified or transfected by collaborators (Tolbert 
and Fahrni groups) at Georgia Institute of Technology.  While appropriate protocols for 
each protein can be found in publications, purification in general is performed through 
transformation of E. coli DH5αPRO cell and induction for protein expression.  Cells were 
then lysed and purified with immobilized metal affinity chromatography.   Purified protein 
is then stored in phosphate buffered saline (PBS) at pH 7.4 in the 4C refrigerator. 
While most purified proteins are directly usable, some mutants require further 
attention and cleaning.  Protein solutions appearing cloudy or having precipitates can result 
in fluorescence spikes while recording data that produce errant results, dominate signals, 
and/or damage photon sensitive equipment.  In this case, a small portion of protein solution 
is taken (~500 L) and centrifuged in a 1 mL centrifuge tube at 8000 rcf for 3 minutes.  
This removes most of the precipitate in the solution.  A Nanosep filter centrifuge tube with 
a molecular weight cut-off (MWCO) 100 kDa is prepared by adding ~50-100 L of PBS 
pH 7.4 to the filter and running at 5000 rcf until almost dry (~30 seconds).  A 100 kDa 
filter was chosen for adequate retention (> 90%) of the ~25-30 kDa proteins.  This is 
26 
 
important as some experiments require the dilution of the protein in various other buffers 
which require a ~1 mM stock concentration, thus adequate retention ensures plenty of 
working protein solution.  Using a 30 kDa MWCO for a reported 27 kDa protein results in 
about only 60% retention of the desired protein.  Thus, if concentration is not a concern, a 
30 kDa MWCO filter can also be used.  The pre-rinse PBS flow-through is removed from 
the bottom tube as this PBS contains filter preservative (azide).  The supernatant of the 
centrifuged protein solution is removed and placed on the filter of the prepared Nanosep 
tube.  With appropriate counterweight, the Nanosep filter tube is run at 10000 rcf until most 
of the solution is collected (~5 minutes).  What remains on the filter are undesired 
particulates or aggregates that are greater than 100 kDa.  A UV-Vis and emission spectrum 
of the collected protein is collected afterwards to ensure the fraction collected is correct 
and appropriate for the particular protein. 
2.2 Protein Sample Preparations 
 Depending on the experiment, the working protein sample is diluted from pre-
filtered stock solutions for the particular experiment.  For many experiments, a dilution of 
the protein to desired emission intensity is all that is needed.  However, there are a number 
of different environments the protein is exposed to that can give information about the 
photophysical properties and possible mechanism of modulation.  As discussed 1.4, 
environmental changes can affect many fluorescent protein properties including emission 
color, fluorescence lifetimes, and triplet states.  It is this interplay between protein 
chromophore and environment that is of great interest to this research. 
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2.2.1 Bulk Solution Measurement 
Many experiments discussed in subsequent chapters are based on the bulk protein 
solution.  Bulk fluorescence measurements were performed with a Photon Technology 
International (PTI) Quanta Maser 40 which is equipped with a xenon arc lamp as an 
excitation source and a photomultiplier tube sensitive out to 900 nm as a detector.  
Concurrent absorption measurements were taken with a Shimadzu UV-2401 PC 
spectrophotometer.  Data was collected from samples in either a glass (Starna Cells) or 
quartz (Hellma Analytics) cuvette with a 1 cm path length.  The protein solution used for 
bulk experiments is prepared by diluting the stock protein into room-temperature (23C) 
PBS at pH 7.4.  The final working concentration can range between ~ 50 nM to ~3 M 
depending on the absorption at a particular excitation wavelength.  An estimate of 
concentration is made by recording the absorption spectra and taking the absorption 
maximum and dividing by the extinction coefficient of the protein.  If the extinction 
coefficient of a protein is unknown, 50,000 M-1cm-1 is used as an estimate.  Most working 
concentrations will result in emission intensities between 25 killicounts/sec and 100 
killicounts/sec on the avalanche photodiode (APD). 
2.2.2 Bulk Immobilized Measurements 
While bulk solution preparations are adequate for most experiments described, 
there are experiments in which protein diffusion in the focal volume is unwanted.  In these 
cases, the protein must be immobilized.  There are a number of ways to do this, including, 
but not limited to: polyacrylamide or agarose polymer matrix, polyvinyl alcohol (PVA) 
spin coating, and bioconjugation to a coverslip.  PVA and bioconjugation were not used in 
this project but have their advantages and disadvantages.  For example, dilution of the 
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protein in PVA followed by spincoating is relatively fast and creates an optically thin 
sample to work with.  However, this also removes most, if not all, water from the sample.  
As possible stability and networks rely on water surrounding the protein this method is 
disfavored.  Though PVA spincoating and bioconjugation to a coverslip are not discussed, 
it is important to note other methods that may be used. 
 The preferred and predominately used method is creation of a polyacrylamide 
(PAA) matrix.  This polymer has been used extensively with fluorescent proteins in the 
literature, and has the advantage of controllable pore sizes, water retention, and free 
rotational diffusion within the pore.164,165  With a ~10% PAA matrix, the pore size is 
appropriate for proteins in the 20-80 kDa range which is close to the size of a fluorescent 
protein.164  To create this matrix, 50 L of acrylamide solution (40% w/v solution with 
3.3% bis-acrylamide) and ~150 L of PBS at pH 7.4 is mixed with ~5 L of protein (or 
the appropriate amount for a final concentration of ~100 to 500 nM).  A fresh 10% 
ammonium persulfate (APS) stock is made with nanopure water.  After the acrylamide 
solution, PBS, and protein are mixed, 5 L of 10% APS is added to the solution followed 
by 1 L of N,N,N',N'-tetramethylethylenediamine (TEMED).  The APS is a strong 
oxidizing agent that creates free radicals in which the TEMED stabilizes so that the reaction 
of crosslinking between the polyacrylamide and bis-acrylamide can take place.  This 
reaction is fast and 2-3 L of solution must be extracted and sandwiched between two glass 
coverslips before polymerization is complete.  Before adding TEMED, the coverslips are 
laid out and ready.  The sandwiched coverslips are left for a few minutes in the dark, and 
then are ready for use.  The polymerization reaction can be tested by turning the remaining 
solution upside down and tapping the tip.  If the sample remains in the tip, the 
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polymerization was successful.  Of particular note, the APS is very important in the 
reaction and too much can result in destruction of the fluorescent protein.  Solid APS that 
has been exposed to too much water (atmospheric or other) appears swollen and fluffy.  
Using this APS results in the wrong concentration of APS solution and a slow reaction.  
Adding more can speed up the reaction, but too much creates an excess of free radicals that 
affect the protein stability. 
 In the case that PAA cannot be used, low melting agarose is also a possible matrix 
material to immobilize fluorescent proteins.  Most fluorescent proteins are thermally stable 
up to high temperatures of about 70C.  Low-melting agarose has a melting temperature of 
 65C166 making it a viable alternative for most fluorescent proteins.  A 1% agarose 
solution is made with the desired buffer and placed in a water bath set to 65C.  The agarose 
melts which is noted with the visible change from cloudy to clear solution in the Eppendorf 
tube.  Once melted, stock fluorescent protein is added at the final desired concentration for 
the experiment and pipetted a few times.  A small portion is then added to a pseudo-flow 
channel created from two coverslips and double-sided tape.  The polymerization is gauged 
the same way as the PAA was and once polymerization is completed the experiment can 
be run.  Though, not all fluorescent proteins are thermally stable enough to withstand 65C 
and results in no fluorescence being detected during the experiment.  A possible remedy to 
this is to decrease the water bath temperature and to add the protein even if the solution is 
not fully melted.  This has not been tested, but may be a solution if thermal stability is a 
problem and PAA cannot be used. 
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2.2.3 Buffer Exchange 
As all proteins are stored in PBS at pH 7.4, the pH of the solution must be 
exchanged to investigate pH effects.  Buffers are made using normal procedures at 10 mM 
buffering salt at pHs between pH 4 through 10.5 based on the properties listed in Table 2.1. 
 
Table 2.1 Buffer Solutions for Varying pH Ranges 
Buffer Conjugate Acid/Base pKa Useful pH range 
Acetate Acetic acid/sodium acetate 4.76 3.6 – 5.6 
Phosphate Monobasic phosphate/Dibasic Phosphate 7.20 5.8 – 8.0 
Tris Tris/HCl 8.06 7.0 – 9.0 
Carbonate Sodium bicarbonate/sodium carbonate 10.2 9.2 – 10.8 
 
pH measurements are made with Ag/AgCl pH electrode (VWR) and ThermoScientific 
Orion Star module.  The electrode is calibrated at 23C with standard buffers for pH 4, 7, 
and 10 creating a linear calibration curve in the module which is then used for pH 
measurements.  Sodium chloride is added to reach a final concentration of 140 mM.  Once 
the buffers are made, the pH is adjusted with concentrated sodium hydroxide or 
hydrochloric acid.  In order to make the exchange from the storage PBS pH 7.4 to the 
desired pH, the concentrated stock protein is diluted in the target pH buffer to the desired 
concentration for the experiment. Depending on excitation wavelength and emission 
collection window, the final protein concentration is between 100 nM and 3 M.  This 
depends on the absorption cross section of the protein for the particular laser used.  Higher 
concentrations are normally used for the blue and cyan fluorescent proteins in which 405 
nm excitation was not very efficient as the excitation peak maxima were 10-20 nm away 
from the excitation.  The final working solutions at various pHs are then mixed and left in 
the dark for 30 minutes. 
31 
 
2.2.4 Deuterium Oxide Exchange 
2.2.4.1 Deuterium Oxide Purity Validation 
Excited and ground state proton transfers are crucial in understanding fluorescent 
protein photophysics. For deuterium isotope effects to be observed, a deuterated buffer 
must be created and exchanged with the hydrogen-rich PBS in which the fluorescent 
protein is stored.  For the H-D exchange to be efficient and extensive enough to reach the 
interior of the -barrel, deuterium oxide (D2O) of > 95% purity must be used.  With the 
assistance of the Dr. Thomas Morgan of the Fahrni lab at Georgia Institute of Technology, 
NMR was performed on the deuterium oxide to be used.  In a NMR tube, 700 L of D2O 
was added with a 1mL syringe equipped with a 25G needle.  Making sure to not lose any 
to the side of the tube, 10 L HPLC grade acetonitrile (CH3N) is added to the D2O for a 
final concentration of 0.27 M.  A proton NMR spectrum was taken and the resulting 
integrations were recorded (Table 2.2).  
 








Integration of Peak 
Acetonitrile 1.9 1.899 3.5 
Deuterium Oxide 4.6 4.647 5.10 
 
Based on the Equation 2.1 using the above integration peaks, the concentration of 









 Equation 2.1 
As pure H2O has a concentration of 55.6M, then D2O of 99% purity has 0.55 M H2O.  Thus, 
based on the integrations obtained from the deuterium oxide used for the experiment, the 
reported 99% D2O has 0.64M H2O.  To ensure a high level of purity, the stock bottle of 
deuterium oxide is opened under an inert gas and the mouth of the bottle is purged before 
storage. 
2.2.4.2 Deuterated Buffer Preparation 
There are two ways to prepare deuterated phosphate buffered saline (DPBS).  The 
preparation of large amounts (> 5-10 mL) of DPBS is best effected by drying the deuterated 
salts in a vacuum oven.  DPBS is good for about a month at pD 7.4, so normally large 
batches are not created.  The method described herein is a modification of the SpeedVac 
method described in Shaw, et al.167  As this modified method creates smaller amounts of 
DPBS, it is used more regularly for the experiments preformed in this project. 
To begin, a buffer is chosen with a pH ~ 0.4 units lower than the final desired pD.  
In a 1 mL Eppendorf tube appropriate for vacuum centrifuge, 250 L of the buffer is added 
and placed in the Savant SpeedVac at high drying for approximately 3 hours depending on 
the pressure created in the vacuum system.  The first round of drying results in elimination 
of the water in the buffer; however, the dried salts still have hydrogen that needs to be 
exchanged with deuterium.  In the second round of drying, the salts are resuspended with 
D2O, mixed, left for 20 minutes, and then placed in the SpeedVac again.  Here, the 
deuterium exchanges with most of the hydrogen of the salts within the first 5 minutes, with 
additional minutes of waiting for added probability of reaction.  The salts obtained are 
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mostly exchanged with deuterium, though the process is repeated a total of 3 times with 
resuspension and drying of D2O to minimize water contamination from atmospheric 
exposure.  After the last exchange cycle, the solution is measured for pD taking into 
account the correction factor for glass electrode pH meters (Equation 2.2).168,169  The pH 
electrode is calibrated with standard buffers (pH 4, 7, and 10) at 23C. 
 𝑝𝐷 = 𝑝𝐻𝑚𝑒𝑡𝑒𝑟 + 0.4 Equation 2.2 
2.2.4.3 Deuterated Buffer Exchange 
Stock protein of high concentrations (50 M) is advantageous for exchange as 
only a small amount is used, introducing water into the buffer.  The protein is added to 
200-250 L DPBS at a concentration ~10 times the final desired concentration for 
experiments.  This ensures that any loss of protein later will not affect experiments.   After 
10 to 20 minutes, the mixture is placed on a prepared 3 kDa Nanosep filter to concentrate.  
This step allows the PBS/DPBS mixture to flow through while the protein remains on the 
filter to be resuspended with more DPBS.  Repeating the cycle 3 times ensures that most 
of the water of the original stock buffer is removed and the major contacts with the protein 
are the DPBS.  While this is the preferred method of exchange, effects can also be seen 
with just dilution of the stock protein in DPBS, though results are less consistent. 
2.3 Bulk Characterization 
 For many of the florescent proteins investigated, the photophysical parameters of 
fluorescent proteins have already been determined.  However, in the case of the blue 
fluorescent proteins modified and mutated as discussed in Section 3.3, the photophysical 
properties are unknown.  Understanding these parameters gives insight to the possible 
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mechanism and reasons for enhancement changes.  Normal bulk characterization methods 
are discussed below.    
2.3.1 Fluorescence Quantum Yield 
 The fluorescence quantum yield (ΦF) is the ratio of photons absorbed to photons 
emitted through fluorescence.43  In other words the quantum yield gives the probability of 
the excited state being deactivated by fluorescence rather than by another, non-radiative 
mechanism.  The most reliable method for recording ΦF is the comparative method of 
Williams et al.,170 which involves the use of well-characterized standard samples with 
known ΦF values.  The quantum yield is calculated using the slope of the line determined 
from the plot of the absorbance against the integrated fluorescence intensities (Equation 
2.3). 






2 ) Equation 2.3 
In which m is the slope of the line obtained from the plot of the integrated fluorescence 
intensity vs. absorbance, n is the refractive index of solvent and the subscript R refers to 
the reference fluorophore of known quantum yield. 
The protein of interest and reference protein, mKalama1, are diluted so that the OD 
at the excitation wavelength ranges between 0.01 and 0.05.  The emission spectra of these 
samples as well as the solvent are taken.  The correct excitation wavelength is located so 
that upon correction of the spectra with the solvent spectrum there is not a negative dip in 
the resulting spectrum.  The integrated intensity is calculated for each corrected spectrum 
and plotted against OD.  As the solvent is the same for the two proteins, the refractive index 
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ratio is 1 and the slopes and reference quantum yield is used to determine the quantum 
yield of the protein of interest. 
2.3.2 Extinction Coefficient 
 Extinction coefficient is a measure of the rate of diminution of transmitted light via 
scattering and absorption for a fluorophore.  Defined by the Beer-Lambert law, the 
extinction coefficient (units: M-1cm-1), , is the capacity to absorb transmitted light.  Also 
important is the fluorescence output per fluorophore (“brightness”), which is proportional 
to the product of the extinction coefficient (at the relevant excitation wavelength) and the 
fluorescence quantum yield. 
In order to experimentally determine a fluorescent protein extinction coefficient, 
the protein is diluted over at least an order of magnitude at the 280 nm peak, as this is the 
common absorbance for all proteins.  As the exact concentration of the protein is unknown, 
the sequence obtained from the Tolbert group was input into the ExPASy ProtParam 
program to determine the coefficient of the protein.171  The protein coefficient determined 
by ExPASy is based on the individual coefficients at 280 nm of each absorbing amino acid 
in the sequence (Equation 2.4) where for proteins measured in water: Y is 1490, W is 
5500, and C is 125.
64  
 𝜀𝑝𝑟𝑜𝑡𝑒𝑖𝑛 = (#𝑌 ∗ 𝜀𝑌) + (#𝑊 ∗ 𝜀𝑊) + (#𝐶 ∗ 𝜀𝐶) Equation 2.4 
Y refers to tyrosine and W refers to tryptophan.  “C” here is for cystine that is the 
amino acid formed by the oxidation of two cysteine (cysteine itself does not contribute to 
extinction coefficient at 280 nm) molecules that covalently link via a disulfide bond.  Once 
the extinction coefficient of the protein is calculated, the Beer-Lambert equation can be 
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used to get the protein concentration.  With this and the absorbance at 390 nm of each 
dilution, the extinction coefficient of the fluorophore can be determined.      
2.3.3 Apparent pKa Measurements 
 To compare with known blue fluorescent proteins, apparent pKa measurements are 
based off the procedures described in Ai et al. in which proteins were dialysised into 5 mM 
buffer and then diluted into a series of 200 mM buffers.95  After dilution, the fluorescence 
intensity of each dilution is measured using a fluorescence plate reader.  In the absence of 
a plate reader, 300 mL fluorescent protein solutions in buffers pH 4 through 10.5 and the 
emission spectra were taken.  The resulting plot of fluorescence intensity versus pH 
appeared linear leading to difficulties determining a pKa.  As fluorescence intensity 
measurements were inconclusive, the alternative was measuring the enhancement as a 
function of pH.  The fluorescent proteins were diluted in buffers for 30 minutes and the 
enhancement was recorded with 372 nm pulsed excitation and 514 nm secondary excitation 
over three separate trials. 
In titration curves, there is a point that occurs halfway through a buffered region 
where the pH barely changes for base added, the half-equivalence point. The half-
equivalence point is when just enough base is added for half of the acid to be converted to 
the conjugate base. When this happens, the concentration of H+ ions equals the Ka value of 
the acid, thus pH = pKa.  Thus, from the enhancement versus pH graph the buffering region 
can be identified and the midway point of the region is the pKa of the protein. 
2.4 Fluorescence Correlation Spectroscopy 
 Fluorescence correlation spectroscopy (FCS) records temporal changes in the 
fluorescence emission intensity caused by single fluorophores passing through the focal 
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volume of an excitation source.48,49  These intensity changes can be quantified in their 
strength and duration through a temporal autocorrelation of recorded intensity signal.  The 
average number of fluorescent particles in the detection volume and their average diffusion 
time through the volume can be extracted from the auto-correlation. Additionally, 
fluorescent proteins have been known to blink and this “flickering” in the fluorescence 
intensity is treated as the result of transitions between an excited dark state and an emissive 
fluorescent state.  During these intervals, the fluorescent protein cannot emit any photons 
and appears dark.  If the dark state has a lifetime longer than 1 ms, then this dark state can 
also be detected though it is likely convolved with diffusion of the protein.   
 Previous studies had studied the excited dark state of other fluorescent proteins such 
as EGFP through FCS50, and thus FCS was also performed on fluorescent proteins in this 
work.  Of interest is the effect of the secondary laser on the apparent on and off times of 
the fluorescent protein.  Fluorescent protein samples are prepared as discussed in Section 
2.2.1 to a concentration 10 nM to 50 nM depending on protein.  The optical setup is the 
same as the optical modulation setup in Section 2.6.  However, the modulator in this case 
is a shutter or beam block, as no repetitive modulation of the secondary laser is needed.  
Once approximately one million or more photons are collected with the detector, the 
resulting data is autocorrelated and fit via BIFL Data Analyzer software.   
 BIFL Data Analyzer is a software program that allows for the import of time 
correlated single photon counting (TCSPC) data and has the subsequent analysis models 
for fluorescence decays, anisotrophy, and autocorrelation.  The autocorrelation analysis is 
used for the fit of the correlation curve of the data collected.  In the case of the 
autocorrelation function of molecules in solution (FCS), BIFL uses a function that extracts 
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F and t (triplet-state faction and lifetime, respectively, while accounting for diffusion 
components.  In the FCS experiment, a proper dilution of the fluorescent protein solution 
will have an average of 1 to 3 molecules in the focal volume.  The triplet-state fraction and 
lifetime are used to calculate the on and off times of the dark state (Equation 2.5 and 

















 Equation 2.6 
2.5 Single Molecule Measurements 
Ensemble averages of molecular properties, as measured in bulk biochemistry 
studies, tend to mask the underlying molecular dynamics because the measured signals are 
the unsynchronized average of the contributions of every molecule in the sample. As a 
result, individual processes can be obscured by other, more dominating processes with 
which signals are convolved, often resulting in fit analysis giving misleading or 
inconclusive pictures of the true dynamics. At the single-molecule level, signals display 
each random and stochastic dynamic process that could otherwise be lost at ensemble level.  
Thus, while much has been learned using traditional bulk biochemical approaches, there 
are important reasons to obtain single-molecule trajectories to describe certain processes.  
In the case of fluorescent proteins, previous studies had suggested the presence of a longer, 
millisecond-lived dark state could be convolved with other physical processes detected by 
FCS such as diffusion.  Thus, to obtain a true picture of the photophysics in the absence of 
diffusion, single-molecule experiments are advantageous. 
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 Single molecule samples are prepared as discussed in Section 2.2.2 at a final 
concentration of about 50 nM.  Samples can be checked on the microscope, illuminating 
with a defocusing lens to visualize the fluorescent proteins immobilized in the PAA.  At 
the appropriate concentration, individual proteins will be seen and in some cases blinking 
will be observed.  To perform the experiment, the optical setup is the same as discussed in 
Section 2.6.  The camera and defocusing lens are used to identify the individual fluorescent 
proteins, then the defocusing lens is removed to illuminate with the full focused intensity 
of the laser to collect individual fluorescence trajectories.  Experiments are separately 
performed with primary-only and with dual-laser excitation.  Each time trace for the 
fluorescent protein is collected until photobleaching occurs.  For each time trace, an 
autocorrelation is performed and then fit with multiple dark state model function for 
immobilized molecules where cj are pre-exponential factors,  are triplet-state lifetimes, K 
is number of exponents.   





 Equation 2.7 
The number of exponents the curve is fit to can be changed to yield a better fit.  Again, the 
times and amplitude of the components can be used to calculate the on and off times similar 
to calculations done with FCS in Section 2.4. 
2.6 Optical Modulation 
The majority of the experiments done in this project are basic optical modulation 
experiments.  The theory of optical modulation is discussed in Section 1.6.  This section is 
the explanation of the practical optical setup and analysis of the experiments. 
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2.6.1 Basic Experimental Setup 
 
Figure 2.1 The basic optical components for experimental setup.  In general, the excitation 
sources for the experiment are directed into a microscope.  The resulting fluorescence from 
the sample is collected and detected and recorded.  The shown devices are some of the 
most common devices used for each step and can be specialized for particular experiments. 
 
Figure 2.1 represents the basic components of all optical experiments done in this 
project. The first considerations are the excitation sources being used and the available 
optics, such as dichroics and bandpass filters.  The first laser (primary) is chosen so that it 
can adequately excite the molecule of interest.  The second laser (secondary) should be 
longer wavelength than the emission window.  Table 2.3 is a collection of the primary and 
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Once the excitation sources are chosen, the lasers are aligned into the back of the 
microscope (Figure 2.2).  Normally, the secondary laser intensity will need to be 
dynamically changed at a specified frequency.  To do this, a modulator is placed in the path 
of the secondary laser as it is aligned to the microscope. The modulator can be a shutter, 
chopper wheel, or electro-optical modulator (EOM) as shown in Figure 2.2.  A function 
generator externally controls the modulator frequency and, in most cases in this work, is a 
square wave.  When performing dual-laser experiments, the two excitation sources are 
overlapped before entering into the back of the microscope.  In Figure 2.2, the optical path 
is laid out so that the primary is reflected off and the secondary is transmitted through the 




Figure 2.2 Typical optical excitation path for long-wavelength modulation. 
 
 
Figure 2.3 Optical path inside the inverted microscope.  The green dotted line indicates 





Once the laser path is directed to the recombination dichroic (dichroic #1) both 
beams are diverted into the microscope.  Inside the microscope, another dichroic (dichroic 
#2) directs the beams up and through the objective and sample (Figure 2.3).  It is important 
to choose a dichroic that will reflect both lasers and transmit most of the desired emission.  
The emission is collected through the objective and passed through dichroic #2. After the 
internal dichroic, an emission filter is placed.  The emission filter should pass the desired 
emission, but block any transmitted laser light.  However, before fluorescence from the 
sample is collected the beams must be overlapped to follow the same path through the 
objective.  For convienience, light reflected from a glass coverslip is used for initial 
alignment.  Once reflected through the objective, the laser beam must be positioned to a 
spot in which the scatter transmitted from the coverslip is centered on the sideport adapter.  
The fluorescence will travel a similar path as the lasers, thus this will roughly align the 
sideport to collect fluorescence.  It is easier to start with one beam and work on the position 
of that beam and move the other beam to the same position.  This is especially crucial when 





Figure 2.4 Optical path from the microscope to the detection device.  The internal mirror 
direction is controlled by a knob on the microscope (red circle).  This directs the light path 
up to the eyepiece with camera or to the sideport.  Translational motion of the sideport is 
adjusted with adjustment knobs (inset). 
 
With the use of the 2 mirrors before entering the microscope, the beam is centered 
in the sideport and then the beam shape is observed with the use of a camera.  This shaping 
and positioning is repeated until the transmitted laser beam can pass through the sideport 
adaptor unobstructed (Figure 2.4).  The position is marked on the camera and the second 
beam is then positioned and shaped to the mark. The sideport is connected to a detector, 
normally an avalanche photodiode (APD), with an angle cut multimode optical fiber (50 
m or 100 m diameter core).  The APD is synchronized with a time source and the output 
is directed to photon counting board (Time Harp 100 or SPC-360).  Figure 2.5 displays the 
configuration and equipment used.  A reference dye is used to fine-tune the sideport 
position and collect the maximum fluorescence.  It is also important to check for laser 
bleed-through into the emission window by placing water on the coverslip.  In order to 
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check the overlap of the 2 beams, the reference dye or known modulatable protein can be 
used to check for modulation. 
 
 




The measure of modulation or modulation depth is fluorescence enhancement.  This 
is defined in Equation 2.8 by the increase in fluorescence intensity due to the illumination 
with the secondary laser where IF is the recorded fluorescence intensity recorded in photon 
counts per second and the subscript designation is whether the illumination is with the 
primary only (1 laser) or both lasers (2 laser).  No enhancement is equal to 1.  This method 
of calculating enhancement is good for real-time evaluation of intensity change.   
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1𝑙𝑎𝑠𝑒𝑟  Equation 2.8 
 
However, this calculation is somewhat subjective as concentration and total counts 
can yield somewhat varied results.  An alternative method is to take a Fourier transform of 
the fluorescence time trace.  Data is binned at least 2.5 times faster than the highest 
frequency, and from the resulting Fourier transform the amplitude at the modulation 
frequency (mod) and zero frequency (0) component which the amplitude of all 
fluorescence, the enhancement can be calculated (Equation 2.9).  The resulting graph of 
Fourier transform displays the positive side where mod is recorded, though there is a 
symmetrical peak on the negative side of zero frequency (0) component that must be 
accounted for, thus the factor of two in Equation 2.9. 
 Enhancement = 
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝜈𝑚𝑜𝑑
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝜈0
× 2 Equation 2.9 
2.6.2.2 Characteristic Frequency 
As the secondary laser modulation is scanned from low to high frequency, a plot of 
the enhancement (Equation 2.9) versus the modulation frequency is created.  Analogous to 
frequency domain lifetime, the buildup and decay of steady state population takes a finite 
time and results in decreased modulation depths at frequencies higher than the inverse time 
to establish these populations.  The fluorescence enhancement as a function of secondary 
laser modulation frequency was fit to Equation 2.10 in which m is modulation depth or 
enhancement, mod is the modulation frequency, and c is the characteristic lifetime.  For 
this project, the characteristic frequency is defined as the frequency at which the 






 Equation 2.10 
 
2.7 Dual Modulation 
Dual modulation is an extension of the optical modulation described in Section 2.6, 
in which both lasers are modulated.  The major difference between the two experimental 
setups is that in dual modulation the primary and secondary laser are modulated, usually at 
different frequencies.  Exclusively discussed in Chapter 6, dual modulation has been most 
productive with photoswitchable fluorescent proteins. 
 
 
Figure 2.6 Optical path for dual modulation.  In this case, primary refers to the laser that 
produces fluorescence and secondary is the switching laser. 
 
The basic setup for a dual modulation experiment is very similar to the longer wavelength, 
secondary technique.  However, the lasers used are ThorLabs 405 nm diode and Coherent 
Ar+ laser tuned to 488 nm.  The setup and alignment procedure is the same as the optical 
modulation case, but now both lasers are modulated (Figure 2.6).  In principle, any laser 
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can be aligned through a modulator as the secondary laser is in basic modulation 
experiments.  However, as the 405 nm laser used in the experiment is a diode in a diode 
head that can be externally controlled, the current running to the diode can be modulated 
with a function generator.  Thus, the 405 nm laser and modulator are one unit in Figure 
2.6. The resulting fluorescent time traces are binned at least 2.5 times faster than the highest 
expected sideband.  The sidebands result from both sequential two photon absorption – 
both lasers give rise to the observed emission. The first laser generates fluorescence and 
prepares the dark state, the second depletes the dark state so the first laser can generate 
more fluorescence. Both lasers are necessary to produce the modulated fluorescence – 
essentially mixing in the fluorophore due to its optical response.  As with the optical 
modulation, a Fourier transform is taken of the trace and the enhancement is calculated 
(Equation 2.11) where Amp(+) is the amplitude of the sum frequency, Amp(-) is the 
amplitude of the difference frequency, and Amp(488) is the amplitude at the frequency of 
488 nm.   Instead of the modulation frequency of the secondary laser, the sum and 
difference sidebands of the 488 nm frequency are used to calculate the enhancement. 
 Enhancement = 
𝐴𝑚𝑝𝜈(+) + 𝐴𝑚𝑝𝜈(−)
𝐴𝑚𝑝𝜈(488)
 Equation 2.11 
 
2.8 Imaging Configurations 
As fluorescent proteins are easily encoded into the cells, many of the applications 
of optical modulation discussed in this thesis are related to cellular imaging.  Below is a 
description of cell preparation and imaging modality for the various projects. 
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2.8.1 Cell Preparation 
For all imaging projects, NIH 3T3 cells are used.  The cells are cultured and 
prepared by the Fahrni lab for the GFPs and the Bommarius lab for the BFPs (Figure 2.7).  
For fixed cells, cells are prepared with formaldehyde fixation in two ways.  The first way 
is the growth of cells in a 6-well plate in which the wells have a clean, glass coverslip in 
the bottom.  Cells are then transfected with the desired plasmid and transfection agent and 
when ready, the cells are fixed with a solution of 4% formaldehyde in PBS.  After fixation, 
the glass coverslips are removed from the well and placed on slides with a drop of mounting 
medium.  The second method is to grow the cells in MatTek 35 mm glass bottom imaging 
plates that have a shallow 14 mm opening to image through.  Transfection and fixation are 
the same; however, the fixation is done in the imaging plate and no mounting medium is 
used, just a 1 mL layer of PBS.  For live cells studies, cells are grown and transfected in 
imaging dishes.  At time of preparation, the cells are washed of the phenol red containing 
medium and provided PBS either alone or supplemented with 1-3% fetal bovine serum 
(FBS).  In blue fluorescent proteins, the FBS caused extremely high fluorescent 
background, which is why unsupplemented PBS was used.  Detailed protocols are available 





Figure 2.7 Preparation methods for cellular imaging.  Cells are grown and prepared by 
collaborators in the Fahrni or Bommarius lab. 
 
2.8.2 Point-by-Point Scanning 
Primarily used when imaging cells transfected with GFP, this imaging modality 
collects information at a diffraction-limited spot and the image is reconstructed with 
information at each of those spots.  This method is useful for cases where modulation depth 
is low, and thus, a need for high excitation intensities. 
2.8.2.1 Experimental Setup 
Overall, the setup is similar to the single laser experiment.  The two laser 
combinations are the same as in Section 2.6.1.  The secondary laser is still aligned through 
a modulator.  However, both lasers are expanded to fill the back of the objective.  The 
expansion of the beams are done in this case with a lens pair with appropriate focal lengths 
magnifying the beam by 2 to 3 times while maintaining collimation (Figure 2.8).  The 
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purpose of this is to create a smaller focal volume and thus approach a diffraction-limited 
excitation spot.  In turn, the z dimension sectioning is a bit better as well.  The alignment 
from the recombination at the dichroic to through the objective is the same.  Depending on 
the sample, an oil or water 60X objective is used.   
 
 
Figure 2.8 Optical path for laser beam expansion for point-by-point scanning experiments. 
 
Both a 1.6X expansion lens in the microscope (Figure 2.9, purple box) and a 
motorized piezo stage (Figure 2.9 A) are used.  The cell sample is held on piezo- stage 
(Mad City Labs) in either an attachment designed for slides or circular dishes (Figure 
2.9B).  Live cells must be held at 37C.  Thus, a heated stage is placed on the piezo- stage 
and secured to the moving part of the stage.  The controller is set to 47C because the 
transfer of heat from the stage to the liquid covering the cells is through the lip of plastic 
on the imaging dish (Figure 2.7).  This results in a heterogeneous heating of the dish with 
a higher ~45C temperature of solution/dish at the edge and ~37C temperature in the 14 





Figure 2.9 Additional parts to optical modulation for point-by-point scanning experiment.  
The purple box indicates the 1.6X magnification lens.  The yellow box is the motorized 
stage used to move the sample for fluorescence collection of various spots.  (A) Top view 
of stage. (B) Cellular sample holders for (top) 35 mm dishes and (bottom) glass slides. (C) 
Controller unit for the x and y dimension of the stage. 
 
The fluorescence detection uses the same equipment used in other optical 
modulation techniques, though additional equipment is added and new connections are 
made in order to reconstruct an entire image.  Figure 2.10 gives the general flowchart of 
the connections between equipment that are needed. The fluorescence is collected in two 
possible ways.  Each utilizes the same equipment, but the connections are slightly different.  
The first way is to collect all the fluorescence with a 50 m optical fiber connected to an 
APD.  The output of the APD is then directed to a TTL splitter that splits the signal equally 
to one of two instruments.  One is a digital lock-in amplifier (which is also synced with the 
function generator controlling the modulator), which detects and amplifies the modulation 
signal.  The other is the photon counter board to detect the fluorescence intensity at each 
detection spot. The alternative is to use an optical splitter fiber that collects the fluorescence 
and then splits 50/50 to other fibers connected to two APDs that each output is directed to 
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the appropriate recording device and to the computer.  The computer control is a program 
written in LabView that the lock-in amplitude and total photon count at each point.  The 
position of the stage is recorded as well as the relevant parameters and then a signal is sent 
to the stage to more to the next spot.  In-program directions exist, but briefly the step size 
and dwell time at each pixel is set before the experiment.  The step size should be set no 
lower than 100 nm and the dwell time must be longer than time constant used for the lock-
in amplifier.  The program will then plot the values in split matrices, one being the lock-in 
value and the other the total photon counts. 
 
 
Figure 2.10 Flowchart of equipment connections necessary for point-by-point scanning. 
 
2.8.2.2 Analysis 
The resulting files are in matrix format which are a compilation of the lock-in 
amplitude or total photon counts at each x,y position.  These files can be imported into a 
program such as MatLab and with the in-program software the image can be displayed.  
The resulting image will be flipped from how it was displayed in the LabView Program.  
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All analysis is done on the raw images, before any resizing or coloration.  The analysis 
done for these experiments is to determine improvement of signal to background of 
demodulation compared to fluorescence imaging alone.  In order to do this, in MatLab 
spots of desired protein with low intensity and high intensity of background are selected 
and the resulting photon counts and lock-in amplitude are recorded.  Once ~10 spots are 
chosen at random, the protein signal is divided by the background signal to yield a ratio.  
Comparison of the total photon counts of protein fluorescence to background fluorescence 
yields a fluorescence ratio.  Similarly, comparison of the same locations lock-in amplitude 
yields a demodulation ratio.  The x-fold improvement is determined by comparing these 
two ratios. 
2.8.2.3 Image Processing 
In addition to analysis, MatLab can be used in image processing to easily normalize 
an image, subtract constant background, and/or reduce the size of the image.  For samples 
collected using point-by-point scanning, images were made by averaging over 5 points to 
get the constant background (a spot where there is no cell).  This constant is subtracted 
from all pixels within the image matrix and then normalized by the max pixel value.  This 
normalization is necessary to divide the demodulation and fluorescence image as well as 
to the range linearly so each image is processed the same.  The ratio image is the normalized 
demodulation image matrix divided by the normalized fluorescence image matrix.  The 
resulting matrix and each individual matrix can be saved as a .txt file and transferred into 
ImageJ for further processing.  To read into ImageJ software, the text file is imported as a 
“Text Image.”  The brightness/contrast to imported images can be altered by Image > 
Adjust >Brightness/Contrast command.  Additionally, a lookup table (LUT) can be applied 
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by Image > Lookup Tables > Royal.  The “royal” LUT displays the highest value as white 
and the lowest value as black with a rainbow colormap between the two. 
2.8.3 Illumination via Defocused Laser 
This imaging configuration is similar to wide-field imaging obtained with a lamp.  
A defocusing lens is used in setup to achieve a wide illumination of an area on the camera 
so that the whole image can be collected.  Unlike point-by-point scanning, this method 
records all points at once, significantly decreasing imaging times and is used primarily with 
lower laser intensities and a higher modulation depth. 
2.8.3.1 Experimental Setup 
Unlike point-by-point scanning in which a small focal volume is desired, a wide 
area of illumination is required in this imaging modality.  In order to achieve this wide (~10 
to 50 m) illumination, a lens is placed in the optical path usually before the back of the 
microscope to alter the focal point after the objective.  Normally for imaging of NIH 3T3 
cells, an illumination spot needs to be ~40 m on the CCD camera to image an entire cell.  
The laser beams are aligned as described for typical optical modulation experiments.  A 
lens is selected that has a focal length shorter than the distance from the lens to the back of 
the objective.  A shorter length is crucial as focusing inside the objective may cause 
aberrations and, at high laser powers (~10 mW), objective damage.  It is best to place the 
lens in a mount that has x,y translation capability to easily place the lens with the laser 
hitting the center. Once an appropriate lens is selected, the illumination area is viewed on 
the camera from laser scatter off a glass coverslip.  Once rough adjustments are done with 
scatter to approximate the area and intensity of illumination, a sample of fluorescent beads 
can be used to evaluate the uniformity of illumination.  Data is recorded with an Andor 
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iXon EMCCD.  The frame rate is at least 3 times faster than the desired the modulation 
frequency to be recorded.  The number of frames can vary based on modulation signal, 
modulation frequency, and/or photostability.  The data is saved as an image stack. 
2.8.3.2 Analysis 
After the average image is achieved through demodulation (see 2.8.2.3), analysis 
of signal-to-background improvement is achieved similar to methods described in Section 
2.8.2.2.  All analysis is done on the raw images.  Spots of desired protein with low intensity 
and high intensity of background are selected and the resulting average fluorescence 
intensity and Fourier transform amplitude are recorded.  Approximately 5 cells with good 
background are chosen and the protein signal is divided by the background signal to yield 
a fluorescence or demodulated ratio. 
2.8.3.3 Image Processing 
The image stack is read into an imaging program by designed our lab lab (Jung-
Cheng Hsiang).  All frames can be merged to display an average fluorescence image.  Once 
a desired frequency is inputted, a Fourier transform of each pixel is taken and a resulting 
demodulated image is reconstructed based on the amplitude of the input frequency.  The 
resulting images can be saved as text files.  Files can be imported into ImageJ software and 
processed as described in Section 2.8.2.3. 
2.9 Protein Visualization Techniques 
Swiss-PdbViewer is a program that provides a user-friendly interface to view and 
analyze proteins and DNA sequences.  Proteins can be imported from the protein database 
(PDB) or created.  Swiss-PdbViewer is tightly linked to Swiss-Model, an automated 
homology modeling server developed within the Swiss Institute of Bioinformatics (SIB) in 
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collaboration between GlaxoSmithKline R&D and the Structural Bioinformatics Group at 
the Biozentrum in Basel.  Swiss PDB Viewer can perform a number of visualization and 
analysis functions to help understand the possible structural states the protein can conform 
to.  The proteins can be superimposed in order to deduce structural alignments and compare 
their active sites or any other relevant parts.  Also, the software has the ability to mutate 
amino acids, detect hydrogen bonds, angles and distances between atoms, and perform 
basic energy minimization with various modeling tools.  A word of caution: this is a very 
basic modeling system and does not always give a clear picture of all interactions involved. 
In this work, it is used to hypothesize, but not prove, a possible mechanism of modulation 
in fluorescent proteins. 
2.9.1 Protein Active Site Visualization 
The first step to understanding the source of modulation in fluorescent proteins is 
to know the active chromophore site and the surrounding amino acids.  While the proteins 
in this thesis all have a tyrosine-based chromophore, the protonation state and surrounding 
amino acids play a role in emission color and optical states (Section 1.4).  This can be done 
in Swiss PDB Viewer by importing a PDB file into the program.  Protein structures that 
have previously been crystallized and the X-ray crystallographic data solved are usually 
deposited in the online repository database.  Proteins of interest can be searched and the 
.pdb file can be downloaded.  Once the protein file is imported into the viewer, the protein 
viewing angle, protein chain, or select amino acids shown can be altered.  For example, in 
order to only see the chromophore in the window, all the amino acids can be selected in 
the control panel window and hidden by pressing the (-) minus in the show category.  Then, 
the 66th amino acid of the glycine-tyrosine-serine can be selected and the (+) plus pressed 
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displaying only the amino acid of interest.  A script can be written to make this process 
faster, with additional commands to display the amino acids within 4 Å of that selection.  
For further information on viewing manipulation, consult the manual. 
2.9.2 Amino Acid Mutation 
The other features used extensively used in this work were the mutation tool, 
rotation tool, and energy minimization package.  These are described in detail in the manual 
as well as in the program help page, thus only a brief description of how each was used is 
present here.  The mutation tool is used to investigate the structural interactions the 
chromophore has in the presence of a particular amino acid.  Used exclusively for the 
investigation of the blue fluorescent proteins, the mutate tool is engaged then the amino 
acid is selected and a list of amino acids that the position can be changed to is displayed.  
Once the new amino acid is selected, the most probable rotamer of the amino acid can be 
adjusted by evaluating the lowest side chain interactions and highest probability of the 
rotamer being present.  After the mutation is made, all amino acids of the protein are 
selected and an energy minimization can be performed.  The energy minimization is 
performed with partial implementation of the GROMOS96 force-field (see manual).  
Though, energy minimization is good to release local constraints, it will not pass through 
high energy barriers, stopping at local minima, thus it is important to start with an optimal 
rotamer. 
2.9.3 C-C Bond Rotation 
Rotation of the C-C bond is done much the same way, selecting the torison tool 
and clicking the two carbons in which the bond resides to rotate followed by energy 
minimization.  Real time clashes and hydrogen bonding with other amino acids will be 
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displayed in pink and green (default) lines.  With rotation, there maybe interactions with 
the chromophore after rotation and energy minimization will only slightly move an amino 
acid to remove those constraints, but that this does not take into account the total 
rearrangement of the backbone or if the rotation is more of a hula twist.  This rotation is 
made easier by writing a script to identify the amino acid in which the bond will be rotated, 





MODIFIED BLUE FLUORESCENT PROTEINS (modBFPs)  
AND VARIANTS 
 
Blue fluorescent proteins (BFPs) are essential in multilabel/multicolor detection 
schemes.3,95,99,172  Despite this usefulness in multispectral imaging, the high 
autofluorescence associated with the needed UV illumination cause blue fluorescent 
proteins to be underutilized in cellular imaging.  The creation of blue fluorescent proteins 
served a two-fold purpose: multispectral imaging95,172 and understanding of structural 
dependence of photophysical pathways of wild-type green fluorescent protein.86,173  While 
different avenues have been taken to achieve blue emission, of interest to this chapter is 
the tyrosine-based chromophore blue fluorescent protein engineered to block excited state 
proton transfer while preserving the neutral form of the chromophore.98,173-176  This chapter 
investigates an engineered protein blue fluorescent protein, modBFP, and variants, for 
long-wavelength modulation and photophysical properties characteristic of the 
modulation.  Lastly, selective recovery of one variant, modBFP/H148K, from high 




 Initial advances in the creation of blue fluorescent proteins (BFPs) for cellular 
imaging were achieved by enforcing neutrality of the chromophore by swapping the 
chromophore tyrosine for histidine.36,86  The result was a variant with a fluorescence 
61 
 
emission wavelength substantially blue-shifted from that of the wild-type protein GFP.86 
However, the poor extinction coefficient and quantum yield necessitated further 
optimization.  A bright and stable BFP for cellular imaging was created by double mutation 
of EGFP with Y66H/Y145F known as EBFP.100,177  While used extensively in early 
multilabel schemes, the poor quantum yield and accelerated photobleaching lead to the 
creation of improved BFPs.95,97  A parallel path to histidine-based EBFP optimization was 
the development of tyrosine-based BFPs by mutating residues in close proximity to the 
chromophore to better stabilize the neutral form in the ground state by blocking the 
wavelength-shifting excited-state proton transfer (ESPT).95  The first tyrosine-based blue 
fluorescent protein optimized for brightness and cellular use, mKalama1, (extinction 
coefficient of 36,000 M-1cm-1 and quantum yield of 0.45) is 3.6-fold brighter and 25-fold 
more photostable than EBFP.95  However, the significant autofluorescence generated under 
near-UV excitation still limits the utility of even the brightest available BFPs.   
Almost simultaneous with the discovery of mKalama1 was the determination that 
the key amino acids in ESPT were the threonine at the 203 position (T203) and serine at 
the 205 position (S205).  By using WT-GFP and systematically mutating these amino acids, 
Shu et al. produced a prominently blue emitting fluorescent protein.98  The stable blue 
fluorescent protein is made upon mutation of T203 and S205 to valine (V) and 
characterized by a 390 nm absorbance peak, a lack of 500 nm absorbance, and a single 456 
nm fluorescence emission.98  In developing new applications, a wide variety of optically 
induced spectral shifts have been optimized through fluorescent protein mutation.  BFPs 
make ideal candidates to optimize long-wavelength recovery of blue fluorescence through 
dark state engineering. Design of such a protein requires that the (fluorescent) state be 
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protonated in the ground state and the transient form be deprotonated to absorb the 
secondary light.  Although there are no currently existing examples of such a protein, 
consideration of the theoretical and experimental structures suggest that this should be 
feasible and, moreover, achievable both by multiple site-directed mutagenesis through 
strategic placement of acidic residues and through random mutagenesis targeting the 
environment of tyrosine 66 (Y66) with additional selection strategies.  Mutations designed 
to alter the chromophore protonation state in different chromophore configurations would 
likely also modify dark state lifetimes with spectrally shifted absorptions, thereby 
facilitating optical modulation.  Mutation serves to improve modulation and also inform 
possible mechanisms for modulation.   
3.2 modBFP Mutagenesis Rationale 
 The gene sequence containing the T203V/S205V as well as other mutations for 
improved maturation and expression was gifted to the Tolbert laboratory by S.J. Remington 
(Oregon).  Dr. Russell Vegh of the Tolbert laboratory at the Georgia Institute of 
Technology did all the mutagenesis on the gene and purification of the proteins.  The 
protein was referred to as modBFP in order to distinguish the parent mutant from the double 
mutant the gene came from.  It is this particular protein that was used to begin the 
investigation of BFPs for optical modulation.  Target amino acids for mutagenesis were 
selected by examining chromophore environment and identifying amino acids with 
possible interactions with the hydrogen of Y66.  These amino acids in the vicinty of the 
chromophore would most likely be responsible for altering the photophysical states in the 





Figure 3.1 Chromophore environment of modBFP.  (A) Amino acids within 4 Å of the Y66 
of modBFP using 2QLE98 as a reference.  Drawn using PyMOL Molecular Graphics 
System, Schrödinger, LLC. (B) Simplified 2D rendering of studied amino acids with the 
cis-form chromophore.  Bond (black) and hydrogen bond (red) lengths are shown in dashed 
lines, with lengths reported in Ångstroms (determined from Swiss PDB Viewer). 
 
Using protein visualization software (such as Swiss PDB Viewer), the crystal 
structure of the GFP/205V (PDB: 2QLE)98 can be used to as a starting place for modBFP 
as it > 95% homology in sequences.  For better visualization of amino acids near the 
chromophore, the pocket can be limited to amino acids within 4 Å of the 66 position (Figure 
3.1 A).  As seen in the simplified version of Figure 3.1 B, the amino acid with the greatest 
interaction with Y66 in the ground state configuration is histidine at position 148 (H148).  
Assuming the possiblilty of cis/trans isomerization to also occur in photoinduced processes 
such as discussed in the Section 1.4.3, the amino acids that would be near the Y66 in the 
alternative, trans from were also investigated.  Upon 180 rotation of the C-C of the 
chromophore, the interaction of F165 and V150 also becomes apparent though not 
identified while in the cis form.  Of the target amino acids, the most interesting amino acid 
seems to be the H148 hydrogen bond interaction with the phenol of Y66 (Figure 3.1 B).  
64 
 
As the uncharged phenol form at Y66 is favored when another positively charged group 
with a higher pKa is in the vicinity, the lysine (K) and arginine (R) variants of H148 were 
made.  The phenolate form at Y66 is favored when a (negatively charged) carboxylate 
group with a higher pKa is in the vicinity.  Therefore, a single aspartate (D) or glutamate 
(E) variants were also created. In addition to charge, steric bulk was also considered in 
mutating to smaller amino acids.  The mutations made to modBFP were: H148D, H148G, 
H148K, H148R, H148Y, V150A, F165H, and F165L which were all on the same -strand.  
After selection of bacteria with blue emission, the proteins were purified and investigated. 
3.3 modBFP Spectra and Photophysical Characterization 
 In order to characterize these proteins before modulation is performed, basic bulk 
experiments were carried out.  Mutations around the chromophore can result in altered 
absorption and emission characteristics, thus, the presence of a blue emitter needed to be 
confirmed.  Similar to the initial Remington protein (GFP-T203V/S205V),98 modBFP has 
a dominant absorption maximum peak at 390 nm. Excitation at 390 nm results in maximum 




Figure 3.2 Absorption (solid) and fluorescence (dash) spectra of (A) modBFP, (B) H148 
mutations, and (C) F165L and V150A mutations.  (D) The absorption of F165H, as 
compared to H148D, shows little 390 nm absorption. 
 
All mutations were measured with these same conditions.  Of the blue emitters 
selected for modulation testing, most of the mutations have similar behavior of a maximum 
blue absorption peak at 390 nm and an emission peak ~450 nm (Figure 3.2 B and C).  
However, for some mutations, i.e. H148R, the weaker absorption peak at 500 nm is present, 
indicating a larger presence of the anionic phenolate in the ground state relative to modBFP 
(Figure 3.2 B).  As seen in Figure 3.2 D, Y145H was one of the mutations that didn’t show 
a strong absorption at 390 or anywhere in the near-UV spectrum and resulted in low 450 
nm emission, thus was eliminated from modulation experiments. 
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For comparison to other known tyrosine-based BFPs, further analysis was done on 
modBFP and H148K (which later discussed in Section 3.4.2, showed the highest 
enhancement).  The extinction coefficient, fluorescence quatum yield, and pKa for modBFP 
and modBFP/H148K were recorded and were compared to the only other tyrosine-based 
BFP, mKalama1 (Table 3.1).95  As few other mutations were made to the proteins from the 
original sequence obtained from Remington, the reduced photophysical properties in 
modBFP were not surprising.  Additionally, the fluorescent quantum yield reported for 
GFP-T203V/S205V was 0.2998 and this was also consistent with the measured results for 
modBFP.  However, modBFP/H148K has a greater reduction of photophysical properties 
and an increased pKa.  This may point to the possible role of mutation in optically 
modulated states. 
 
Table 3.1 Spectroscopic properties of select blue fluorescent proteins.  amKalama1 
characteristics are reported in Ai et al.95  Brightness is a product of the quantum yield and 













mKalama1 385/456 0.45a 36,000a 16a 5.5a 
modBFP 390/455 0.33 27,000 8.9 5.5 
H148K 390/455 0.17 25,000 4.3 5.7 
 
3.4 Long-Wavelength Modulation: Continuous Wave Primary Excitation 
 The purified proteins kindly provided by the Tolbert group were diluted to a 
working concentration of approximately 1-2 M.  The absorption peak at 390 nm was 
excited with a continuous wave (CW) 405 nm diode and the fluorescence was collected 
from 430 to 474 nm. The secondary wavelength was chosen by finding a suitable spectral 
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line outside of the fluorescence window and an Ar+ ion laser line at 514 nm was chosen.  
These were the conditions for determining optimal enhancement and modulation frequency 
for the tested proteins. 
3.4.1 Intensity Dependence  
As previously described of optical modulation, the rates into and out of the dark 
state are intensity dependent processes.  Thus, appropriate excitation intensities for the 
primary and secondary laser were found for modBFP to 1) determine if modulation is 
possible and 2) use these intensities to compare all the proteins.   
 
 
Figure 3.3 Intensity dependence of modBFP/H148K.  (A) As the secondary laser is applied 
to the sample, the fluorescence intensity will increase and the difference between the 2 
laser level and primary only level is used to calculate enhancement.  The enhancement 
versus varying secondary (B) and primary (C) intensities informs optimal conditions to use 
for modulation. 
 
Illuminating with the primary only establishes a steady-state fluorescence intensity 
and defines the dark-state population.  With illumination of the secondary laser, the 
fluorescence intensity would increase to a higher level due to depopulation of the dark state 
(Figure 3.3 A).  As seen in Section 2.6.2.1, the difference between the two laser 
fluorescence intensity and primary only fluorescence intensity is used to calculate 
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enhancement (Equation 2.8).  At a single primary intensity, a finite population builds up in 
the dark state and an appropriate secondary intensity for depopulating can be determined.  
Keeping the primary intensity fixed at a relatively low 500 W/cm2, the secondary laser 
(514 nm) was varied over an order of magnitude (Figure 3.3 B).  As the secondary laser 
intensity is increased, there is an increase in enhancement reaching somewhat of a plateau 
at 30 kW/cm2.  In this plateau region, the secondary intensity has surpassed the intensity 
needed to depopulate the dark state and thus results in no change in enhancement.  It is 
important to note that at this high secondary intensity there is a small proportion of 
secondary only fluorescence recorded (~1%).   
Additionally, an expected increase in primary laser intensity results in increased 
rate into the dark state and a high population residing in the dark state.  Consequently, 
increased primary excitation should increase modulation depth.  In order to find the best 
primary intensity for enhancement, the secondary laser was fixed at the optimal 36 kW/cm2 
and the primary intensity was varied recording the enhancement (Figure 3.3 C).  
Interestingly, an experimental increase in primary intensity decreases total enhancement 
for all emitters studied.  As fluorescence enhancement is defined as fluorescence with two 
lasers divided by fluorescence with primary excitation only, any dark state absorption at 
the primary wavelength will reduce steady-state dark state population, resulting in 
decreased secondary laser-induced enhancement.19  Thus, a balance between populating 
the dark state without increasing its rate of decay must be reached, resulting in maximum 
enhancement being observed at relatively low ~70 W/cm2 primary excitation intensity.  An 
optimal intensity combination of 500 W/cm2 primary and 36 kW/cm2 secondary was 
chosen for experiments.  Though better enhancement is achieved at lower intensities, the 
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primary intensity chosen gives good fluorescence and increasing the protein concentration 
for lower intensities could lead to aggregation or other unwanted side effects. 
3.4.2 Enhancement and Characteristic Frequency 
With the appropriate intensities gathered in the Section 3.4.1, the enhancement for 
modBFP and the mutants can be determined.  While all variants exhibit a 390 nm 
absorbance maximum (Figure 3.2), dual laser fluorescence enhancement was greatly 
affected by these mutations. Almost all the tested variants were modulatable, ranging 
between 2% and 15% (Table 3.2).  The single variants of modBFP: H148G (6%), V150A 
(10%), and H148K (15%), each further increased fluorescence enhancement under 514-
nm co-illumination over that of modBFP (4%) while F165L diminished the modulation.  
The possible reasons are discussed later in Chapter 5. 
 
Table 3.2 Modulation and Characteristic Frequency of modBFP and Variants.  Primary 
intensity (405 nm) held at 560 W/cm2 and secondary (514 nm) is at 36 kW/cm2. 
Fluorescent Protein Enhancement Characteristic Freq. (Hz) 
modBFP 4% 16 
H148D 4% 24 
H148G 6% 30 
H148K 15% 37 
H148R 3% 5 
H148Y 2% 6 
V150A 10% 31 
F165H 2% 10 
F165L 0 N/A 
 
Modulating the secondary laser intensity increases and decreases the detected 
emission, the result is modulated time trace in which the frequency of the secondary laser 
can be extracted by Fourier transform.  The demodulated signal can then be recovered from 
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the Fourier amplitude at the modulation frequency and the enhancement calculated as 
described in Section 2.6.2.1.  Analogous to frequency domain lifetime measurements,178 
the buildup and decay of steady state population takes a finite time and as the modulation 
frequency becomes faster than this the depopulation becomes faster than the buildup, 
reducing the effectiveness of the secondary laser.  The competition between the rate into 
and out of the dark state determines the characteristic frequency.  Using intensities for 
modulation, the secondary laser was varied from a low frequency of 1 Hz to a high 
frequency of 3 kHz.  At each frequency, the enhancement was calculated and then plotted 
as a function of the secondary modulation frequency.  Figure 3.4 is an example of 
modBFP/H148K enhancement versus modulation frequency dependence.  To 
quantitatively identify a rate in and out of the dark state to compare between proteins, the 
data was fit to Equation 2.10 for each of the proteins.  The modulation characteristic 
frequency was extracted at half the original value and was recorded as the characteristic 
frequency (c).  The characteristic frequency of modBFP and variants are summarized in 
Table 3.2.  For all the proteins, the characteristic frequency is low (≤ ~40 Hz) suggesting 
the rate constants into and out of the dark state are likely relatively slow.  As the 
characteristic frequency is equivalent to kon + koff, the off time for the recorded excitation 
intensities of Table 3.2 is the inverse of koff and this is consistent with 10-millisecond cis-




Figure 3.4 modBFP/H148K enhancement as a function of modulation frequency fitted to 
phase-resolved lifetime equations. 
 
3.4.3 Extraction of Modulated State Photophysical Timescales 
The slow characteristic modulation frequency of all the variants was intriguing.  
Investigating the dark state lifetime as a function of mutation may lead to an understanding 
of the factors controlling modulation.  As discussed in Section 1.6, the characteristic 
frequency is the sum of the intensity-dependent rate out of the bright manifold and the 
natural rate constant of dark state decay, kon + koff.  Thus, as the modulation frequency of 
modBFP and variants is ≤ ~40 Hz (Table 3.2) and the inverse of the frequency is 
characteristic time (c), this suggested a modulatable process on the order of tens of 
milliseconds.  The first approach to extracting the natural dark state decay was to eliminate 
the kon contribution of the characteristic frequency.  The kon is the product of excitation 
rate, kexc, and dark state quantum yield, dark.  Varying primary excitation intensity should 
alter the kon and subsequently change the characteristic modulation frequency.  Linearly 
fitting the characteristic frequency versus primary intensity curve yielded a line that, when 
extrapolated to zero primary intensity, extracts koff as the y-intercept.  Figure 3.5 shows this 
72 
 
method with modBFP and modBFP/H148K.  As the primary intensity decreases, the 
characteristic frequencies of both modBFP and modBFP/H148K decrease.  The low 
primary intensity koff’s of both variants are very similar at ~ 6 Hz.   
 
 
Figure 3.5 Characteristic frequencies are plotted as a function of 405 nm primary excitation 
for modBFP and modBFP/H148K. The y-intercept yields the natural dark state decay rate 
of each protein. 
 
The inverse of this rate constant gives the natural dark state decay time, off.  When 
coupled with the measured characteristic frequency, the average time spent in the 
fluorescent manifold can also be determined.  The characteristic times for 560 W/cm2 
excitation conditions are given in Table 3.3.  Mutants with lower than 4% enhancement 
were not measured as higher intensities showed no enhancement and fluorescence levels 
were too low for additional measurements at extremely low primary excitation intensities.  
Of the measured proteins, the natural dark state off times seem relatively consistent with 
each other, ~170 ms.  However, the reduction of on compared to modBFP is clear.  
Comparing the on of modBFP and modBFP/H148K, the 32 ms on time of modBFP/H148K 
indicated more efficient photoinduced dark state formation in that mutant compared to that 
in modBFP (100 ms).  As enhancement is dictated by the ratio of the single and dual laser-
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illuminated off and on times, the extracted photophysical times bolster the observed 
enhancement improvement due to the H148K mutation (Table 3.2). 
 
Table 3.3 Extracted Photophysical On and Off Times for modBFP and Variants. 
Fluorescent Protein on (ms) off (ms) 
modBFP 100 (± 5) 167 (± 14) 
H148D 66 (± 5) 113 (± 16) 
H148G 57 (± 2) 222 (± 28) 
H148K 32 (± 2) 162 (± 35) 
V150A 40 (± 3) 164 (± 56) 
 
With timescales on the order of hundreds of milliseconds, the role of diffusion in 
determined times or enhancement factors was investigated and efforts were made to 
immobilize the proteins in a polymer matrix to verify the calculated on and off times.  The 
first attempt was with polyacrylamide which has been used previously for the 
immobilization of single molecules.140  With appropriate cross-linking concentrations and 
conditions, the matrix creates pore sizes appropriate for protein molecules allowing for 
rotational freedom but restricting diffusion.  However, bulk polyacrylamide displayed 
background levels similar to modBFP fluorescence with 405 nm excitation and a small 
contribution from the secondary laser.  An alternative was low-melting agarose (Tm ≤ 
65C) in which polymer is melted and mixed with the protein and allowed to repolymerize.  
While agarose alone contributed no background, this method had two other disadvantages.  
First, the reported pore size for the chain length used was much bigger than compared to 
the polyacrylamide matrix, meaning diffusion could still occur.  Second, though most 
fluorescent proteins are impervious to temperatures up to 70C, the modified proteins being 
tested resulted in elimination of the fluorescence after repolymerization.  An alternative to 
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the use of immobilizing matrices would be an FCS experiment with an expanded the focal 
volume.  Additionally, fluorescent proteins can be modified to have a linker with a biotin 
molecule on the end so that the protein can be immobilized on a glass coverslip modified 
with streptavidin. 
3.5 Long-Wavelength Modulation: Pulsed Excitation 
 As discussed in 3.4.1, the uncharacteristic primary intensity dependence with 
continuous wave excitation indicated the probability that the 405 nm laser was also 
depopulating the modulatable dark state.  The result was a decreased observed 
enhancement for modBFP and variants at higher primary intensities.  Previous studies have 
shown the advantage of pulsed excitation for improved enhancement.  Akin to studies with 
heavy atom-substituted xanthene dyes, pulsed primary excitation offers the opportunity to 
increase kon, and therefore dark state population without increasing dark state decay, koff.
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3.5.1 Intensity Dependence 
The appropriate excitation intensities for the primary and secondary laser were 
investigated again for modBFP and variants with a 372 nm pulsed (90 ps FWHM) diode 
and continuous wave (CW) 514 nm secondary.  Similar intensity dependent experiments 
to the continuous wave were done to examine the optimal conditions with the pulsed 
primary laser.  Though the overall enhancement had increased, the primary and secondary 
responses were the same.  An important point to note is that as the rep rate is so such faster 
than characteristic time of the modulatable state the 372 nm may have the same effect as a 
CW laser.  Though increased enhancement is seen regardless, the difference in spectral line 
for excitation should be taken into consideration. 
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3.5.2 Secondary Wavelength Dependence 
Alternatively, a more appropriate secondary wavelength matching the absorption 
cross-section may increase the modulation.  For a constant secondary excitation at 372 nm 
pulsed at 200 W/cm2 and a varying primary laser 488, 496, and 514 nm (all at 37 kW/cm2 
CW), the enhancement was recorded for modBFP and its variants (Table 3.4).  Using 90 
ps FWHM pulses at 372 nm, the primary excitation only populates dark states within a 
short time window, allowing the modulated CW secondary laser to depopulate the dark 
state over longer periods, with lower primary laser-induced dark state absorption.  As long 
as primary-induced dark state creation is more efficient than dark state decay, such pulsed 
excitation quickly generates the dark state with a single pulse, allowing the secondary laser 
to optically regenerate the emissive manifold.  Thus, switching from the CW 405 nm to a 
pulsed 372 nm primary excitation, each with secondary illumination at 514 nm, a marked 
increase in enhancement was observed across all proteins.  However, there is no visible 
trend to indicate that the dark state action cross section of the fluorescent proteins is 
affected by any secondary wavelength excitation.  Many of the variants maintained a 
constant enhancement value over all three wavelengths investigated (Table 3.4).  A 
comparison of modBFP and modBFP/H148K suggested that modBFP may benefit from 
the use of 496 nm over the previously used 514 nm while there is no difference observed 
in modBFP/H148K.  Of note, secondary-induced fluorescence was higher as the secondary 
wavelength approached the fluorescence window.  Additionally, the secondary-induced 
fluorescence intensity observed was dependent on the identity and concentration of the 
protein.  This phenomenon is still a mystery as fluorescence from possibly exciting the 
anionic chromophore would not result in fluorescence in the detection window.  Because 
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of this prominent secondary-induced fluorescence, the 514 nm wavelength was used for all 




Table 3.4 Secondary Wavelength Dependence on Modulation for modBFP and Variants. 
Fluorescent Protein 488 nm 496 nm 514 nm 
modBFP 29 ± 1% 42 ± 2% 20 ±1% 
H148D 13 ± 2% 15 ± 1% 15 ± 3% 
H148G 14 ± 1% 15 ± 2% 11±7% 
H148K 25 ± 1% 40 ± 1% 37 ± 3% 
H148R 10 ± 1% 15 ± 2% 15 ± 2% 
H148Y 6 ± 1% 9 ± 2% 5 ± 2% 
V150A 24 ± 2% 29 ± 1% 20 ± 1% 
F165H 5 ± 1% 6 ± 2% 5 ± 1% 
F165L 2 ± 1% 0 0 
 
3.5.3 Characteristic Frequency 
With the increased enhancement at 372 nm excitation, the kon and koff rates may 
also change to reflect this.  As the primary laser now effectively excites the molecule with 
little dark state depopulation, a more accurate description of the on time and dark state off 
time could be obtained.  The same method of varying primary intensity for extrapolation 
to the zero intensity intercept was used with pulsed 372 nm excitation and 514 nm 
secondary (for lowest secondary-induced fluorescence interference).  Proteins with higher 
than 5% enhancement are shown in Table 3.5.  As seen with CW excitation, the 
characteristic frequencies for all tested proteins are < 30 Hz indicating an even slower 
process than predicted with CW.  An extraction of on and off times (Section 3.4.3) reveals, 
again, times in the milliseconds.  Similar to CW off times, the off times are relatively 
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unchanged across the mutants.  Unlike the CW extracted photophysical data, recorded on 
times show no trend and do not explain the difference in enhancement.   
 
 
Table 3.5 Extracted Photophysical On and Off Times for modBFP and Variants with 
Pulsed Excitation. 
Fluorescent Protein c (Hz) on (ms) off (ms) 
modBFP 11 357 122 
H148D 19 212 71 
H148G 14 434 88 
H148K 28 115 81 
H148R 23 179 57 
V150A 24 120 90 
 
The possibility exists that the 372 nm diode used for excitation may be less than 
optimal for determining on and off times with the current method used.  The output beam 
cross-section was not a symmetric Gaussian of light, but elliptical in shape.  This focal spot 
was larger than the secondary 514 nm laser spot, thus could create a large bath of excited 
molecules primed into the dark state.  When the secondary is turned on not only is it 
immediately depopulating the fluorescent proteins within the laser focus, but also 
fluorescent proteins diffusing into the laser focus.  The recorded on and off times may be 
a reflection of these two processes altering the measurable timescales and thus lengthening 
the calculated times.  Thus, alternative methods that reduce the effect of diffusion on 
calculated photophysical parameters should be investigated for better understanding of the 
timescales involved in pulsed excitation. 
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3.6 mKalama1 Modulation 
 mKalama1 is a brighter and more photostable tyrosine-based blue fluorescent 
protein commonly used in cellular studies.  The protein has the same key mutations as 
modBFP and stabilizes the neutral chromophore.  We predicted that fluorescence 
enhancement in mKalama1 would also exhibit improved long-wavelength modulation, and 
studies with both CW and pulsed excitation were carried out.  While exciting mKalama1 
yields bright emission centered around 456 nm, co-illumination at all tested wavelengths 
(488, 496, and 514 nm) did not lead to enhancement of the fluorescence. As modulation 
results from significant steady-state dark state population buildup, any photoaccessed 
mKalama1 dark states either do not absorb at 488-514 nm or are too inefficiently populated 
to yield measureable fluorescence enhancements.  However, informed by the studies of 
modBFP, the marked improvement of modulation depth in mod-BFP/H148K suggested 
that mutation of the corresponding residue in mKalama1 (glycine in position 149) may 
similarly confer modulatability. Both mutations, G149H to represent the original amino 
acid in modBFP and G149K which reflected the mutation that conferred increased 
enhancement, were made.  Both proteins, mKalama1/G149H and mKalama1/G149K 
displayed similar absorbance and emission maxima to mKalama1, but only the G149K 
mutation resulted in fluorescence enhancement of 6% upon co-excitation with 514 nm. 
Plotting the G149K fluorescence enhancement versus modulation frequency reveals a 
characteristic frequency of ~90 Hz, again consistent with the slow ~10 millisecond 
modulation timescales seen for modBFP and its variants. The consistent ms timescale of 
modulation suggests a common mechanism for all the blue fluorescent proteins. 
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3.7 Imaging of Blue Fluorescent Proteins 
Cellular imaging is often plagued by autofluorescence stemming from endogenous 
fluorophores and has, in part, limited the use of blue-emitting proteins.  However, blue 
fluorescent proteins are useful in terms of multicolor imaging and modulatable BFPs would 
be instrumental in circumventing endogenous fluorescence.  To demonstrate the utility of 
modulatable BFPs we investigated selective recovery of modBFP/H148K fluorescence in 
the presence of non-modulatable background, distinguishing its emission from that of 
autofluorescence present in cellular imaging.  In collaboration with the Bommarius group 
and Dr. Bettina Bommarius at the Georgia Institute of Technology, NIH-3T3 cells were 
transfected with a plasmid encoding modBFP/H148K fused to a mitochondrial targeting 
peptide (modBFP/H148K-mito).  Wide field epifluorescence imaging and modulation were 
performed with the overlapped, defocused primary (405 nm) and a smaller secondary laser 
excitation (514 nm) (Section 2.8.3).  To maintain the high kW/cm2 intensities necessary 
for modulation, the secondary laser excitation area was approximately one-third the area 
of primary excitation.  The slow characteristic modulation frequency dictated the use of a 
low modulation frequency for imaging and the secondary laser was modulated at 2Hz, and 
emission was imaged at least 5 times faster using a CCD detector.  A variety of exposure 
rates and total frames were investigated and in order to collect enough data for 
demodulation and not have significant photobleaching ~100 frames at an 80 millisecond 
exposure rate (total time was ~8 seconds) was most appropriate for imaging 
modBFP/H148K.  The resulting average image displays both modBFP/H148K-mito 
emission and autofluorescence.  After demodulation (2.8.3), images display enhanced 





Figure 3.6 Demodulation of mitochondria-targeted modBFP/H148K in (A) fixed and (B) 
live cells. Upon 405 nm illumination, blue fluorescence is collected from modBFP/H148K-
mito and autofluorescence. Co-illumination at 514nm, modulated at 2 Hz (white circle) 
recovers only the modBFP/H148K-mito signal (lower circle).  Line graphs (yellow line) 
display the improved contrast of signal from background.  Scale bar is 20 m. 
 
Done first in cells fixed with 4% formaldehyde (Figure 3.6 A), images suggested 
the ability to modulate at the working intensities and showed improved signal (line graph), 
but the low level of background in the cellular environment limited the improvement that 
could be achieved.  Thus, live cells transfected for 48 hours were also imaged and exhibited 
higher autofluorescent background (Figure 3.6 B).  Demodulation at 2 Hz directly yields 
images with an average 5-fold improvement in signal to background as autofluorescent 
background is removed.  Signal visibility gains are further improved when raw 
fluorescence contrast is lower. 
To ensure the modulated signal recovered in cells was not due to photobrightening 
of the protein relative to the background, a control with constant 405 nm and 514 nm co-
illumination was performed.  Live cells were illuminated with the same conditions used in 
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the modulation image recovery of Figure 3.6.  However, instead the secondary laser was 
on and unmodulated during the data acquisition.  The image frames are processed similarly 
to those in Figure 3.6, selectively looking for the 2 Hz FT amplitude.  While the raw image 
appeared slightly brighter, demodulated images plotting the 2 Hz amplitude showed no 
signal resembling mitochondrial structure (Figure 3.7 A).  This second control checks that 
cells or other structures are not excited or modulated by the secondary 514 nm laser, and 
could be registered as a false positive.  Cells were cultured and maintained exactly as those 
in the previous cellular modulation experiments but not transfected with modBFP/H148K-
mito. After modulated excitation and demodulation, images demonstrated no signal other 
than noise (Figure 3.7 B). 
 
 
Figure 3.7 Control cells to modBFP/H148K modulation imaging.  (A) Cells expressing 
modBFP/H148K were co-illuminated with 405 nm and 514 nm without 2 Hz modulation 
of the secondary laser.  (B) Untransfected cells excited with 405 nm primary and 2 Hz 





To circumvent the sensitivity issues in cellular imaging, the investigation of 
selectively shifting signals to unique detection frequencies with long-wavelength 
modulation was undertaken with BFPs.  Mutations to BFP and BFP variants are thought to 
create changes in the immediate chromophore environment which stabilize the neutral cis 
excited and anionic trans ground states. This change in chromophore environment directly 
alters the enhancement and modulation frequency. Thus, BFPs are conducive to significant 
signal improvements over autofluorescent background through modulation. Further 
modulation gains may also be possible through additional mutation of the chromophore 
environment. Specifically, an increased efficiency of creating dark, trans anionic state 
directly would increase fluorescence enhancement, visible in the comparison of modBFP 
and its H148K variant and the creation of modulatable species, mKalama1/G149K.  Most 
interesting is the ability to improve the fluorescence enhancement with mutations and 
characterize each in terms of on and off times reflecting the inverse rates into and out of 
the dark state. The ~100-ms modulation timescale is postulated to involve cis/trans 
photoisomerization, coupled with neutral cis- and anionic trans-chromophore forms, or 
other photoreversible processes.  The understanding of these photophysics will inform the 
development of fluorophores with better signal to noise.  The low utility of blue fluorescent 
proteins due to weak fluorescence, poor photostability, and high background upon UV 
excitation was improved upon by the use of modulation.  Demodulation of 
modBFP/H148K exhibited a 5-fold improvement over the UV-induced background and 





Aequorea coerulescens GREEN FLUORESCENT PROTEIN (AcGFP) 
 
 
In working towards understanding the fluorescent properties, the first studies of the 
spectral properties revealed that wild-type green fluorescent protein (WT-GFP) had a major 
excitation peak at a wavelength of 395 nm, and a minor one at 475 nm associated with the 
chromophore and its conjugate base, respectively.86,104,139  Previously discussed was the 
simple case of blue fluorescent proteins in which the role of ESPT was negated, the tyrosine 
chromophore remained neutral, and the 395 nm was the primary focus.98  Here, the anionic 
chromophore of the green fluorescent protein is investigated.  With the emission shifted 
from a spectral region of high background such as with BFPs and copious amounts of 
characterization, green fluorescent proteins have become a staple in biological imaging.  
Of specific interest is the GFP derived from the Aequorea coerulescens whose specific 
photophysical properties make it an interesting target for optical modulation.180,181  The 
optical modulation and photophysical parameters of modulatable states are discussed.  
Additionally, the utility of modulatable GFPs in inhomogeneous background environments 
was demonstrated in cells. 
4.1 Introduction 
 After studies of the WT-GFP revealed the dual excitation nature of the 
chromophore, work began to engineer a protein with a single excitation band for green 
emission and better photophysical properties for possible applications in biological 
imaging. The first major improvement was reported by the Tsien group.105  A single 
mutation of serine (position 65) near tyrosine chromophore to a threonine (designated 
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S65T) causing the ionization of the phenol of the chromophore.88,104,105  The result was a 
suppression of the 395 nm peak due to the neutral chromophore and shift and amplification 
of the major excitation peak to 488 nm without altering the green emission.  Additionally, 
the mutation resulted in increased relative brightness and photostability as compared to the 
WT-GFP.  There has been continuing research to improve the properties of green 
fluorescent proteins, many taking advantage of the S65T mutation.100  One commonly used 
green emitter is enhanced GFP (EGFP) that contains the S65T mutation and F64L to give 
greater brightness at warmer temperatures expected in mammalian expression.91,182  With 
a moderate extinction coefficient and quantum yield (55,000 M-1cm-1 and 0.60, 
respectively),91 EGFP has been one of the preferred GFPs in fluorescence imaging.148 
In addition, other GFP homologues have been discovered.  Recently, Gurskaya and 
colleagues isolated a GFP homologue from a non-fluorescent jellyfish Aequorea 
coerulescens that had the same three amino acid motif as GFP.180,181  This protein, 
aceGFPL, was initially colorless with only a very minor absorption at 390 nm; however, 
random mutagenesis identified an E222G mutation that leads to fluorescent derivative 
(aceGFP or AcGFP) with a single 480 nm excitation peak and emission centered at 505 nm 
(Figure 4.1).180  This bright GFP has a fluorescence quantum yield (0.55) and extinction 
coefficient (50,000 M-1cm-1).180  To further study the fluorescent properties and effect of 
mutation, an aceGFP-G222E variant was created with only the G222E mutation.181  The 
protein returned to being colorless but upon illumination with UV light photoconversion 
of the protein took place, generating an anionic species, with the same spectra as 
aceGFP.181  This kindling behavior involves proton transfer coupled with a cis/trans 
isomerization that is controlled by the short wavelength absorption.  However, if this 
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photoisomer has a possible long-wavelength absorptions, though harder to predict, one may 
be able to use long-wavelength light instead of 405nm for photoreversion. 
 
Figure 4.1 Absorption and emission spectra of purified AcGFP in PBS pH 7.4. 
 
4.2 Fluorescent Enhancement of AcGFP 
  For fluorescent proteins to be optically modulated, a dark state that sufficiently 
absorbs the secondary illumination must exist.  Motivated by the optical photoconversion 
seen in AcGFP studies,181 the fluorescence enhancement of AcGFP was investigated.  The 
purified AcGFP, kindly provided by Dr. Pritha Bagchi of the Fahrni group at the Georgia 
Institute of Technology, was diluted to a working concentration of approximately 100 nM.  
Based on the spectra of AcGFP (Figure 4.1), the protein has a single absorption peak at 
480 nm and thus an Ar+ ion laser line of 476 nm was used to excite the protein.  As the 
collected fluorescence ranges from 500 to 530 nm, a secondary wavelength was chosen by 
finding a suitable spectral line outside of the fluorescence window.   A solid-state 561 nm 
laser was first chosen as it was outside the fluorescence collection window and sufficiently 




The primary laser excites the electrons to the excited state and can either fluoresce 
or non-radiatively decay to a fluorescence-sapping dark state.  The fraction in the dark state 
is controlled by the rates into and out of that state.  An increase in primary laser intensity 
results in increased rate into the dark state and a high population residing in the dark state.  
In order to find the best primary intensity for enhancement, the secondary laser was fixed 
at 23.5 kW/cm2 and the primary intensity was varied recording the enhancement at each 
point.  As seen in Figure 4.2 A, an increase in the primary intensity results in an increase 
in fluorescence enhancement which is unlike the BFPs (Figure 3.3).  The slight decrease 
seen at high intensities may be a result of photobleaching or saturation and ground state 
depletion.  Inversely, at a single primary intensity, a finite population builds up in the dark 
state and an appropriate secondary intensity for depopulating this must be determined. 
Keeping the primary intensity fixed at 2 kW/cm2, the secondary laser (561 nm) was varied 
over an order of magnitude (Figure 4.2 B). As the secondary laser intensity in increased, 
there is an increase in enhancement, until a plateau.  In this plateau region, the secondary 
intensity has surpassed the intensity needed to depopulate the dark state and thus results in 
no change in enhancement.  Thus, from these studies the appropriate laser intensity ratio 
for maximum enhancement requires a secondary:primary ratio of about 10:1.  It is also 
important to note that no emission is detected from secondary illumination alone.  The 2 
kW/cm2 primary and 23 kW/cm2 secondary resulting in 8% enhancement serves as an 





Figure 4.2 Enhancement as a function of (A) primary and (B) secondary laser intensity.  
Error is calculated from triplicate experiments. 
 
As enhancement depends on the sufficient depopulation of the dark state by the 
secondary laser, diffusion of the protein out of the focal volume before depopulation can 
occur could result in a decrease of fluorescence enhancement.  The protein was 
immobilized in PAA to limit this effect and the fluorescence enhancement was recorded.  
AcGFP showed a 13% enhancement, almost twice the recorded enhancement in solution 
at the optimal conditions.  Of note for later imaging studies (Section 4.6), EGFP was also 
studied under these conditions for fluorescence enhancement.  As a similarly emitting 
fluorescent protein, EGFP has the same chromophore and photophysical properties 
(Section 4.1) as AcGFP which suggested the optical modulation may be achievable.  
However, EGFP showed no fluorescence enhancement or modulation upon secondary laser 
co-illumination.  Possible reasons for this difference are discussed in Chapter 5. 
4.3 Secondary Wavelength Dependence 
 While 561 nm was the first wavelength investigated for modulation, other 
wavelengths may be more optimally absorbed by the optical dark state of AcGFP.  Efficient 
repopulation of the emissive manifold is characterized by large action cross sections which 
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are defined by the product of the dark state quantum yield and absorption cross section.  As 
these parameters are not directly measurable with fluorescence techniques, the dark state 
action spectrum for AcGFP can be visualized by the enhancement at varying longer 
wavelengths.  Initial studies to determine the optimal secondary wavelength for AcGFP 
enhancement were performed.  AcGFP protein solutions were excited with a 476 nm 
primary laser (2 kW/cm2) and the secondary wavelength was scanned from 561 nm to 950 
nm, maintaining a constant intensity of 22 kW/cm2.  Figure 4.3 shows the resulting 
secondary laser scan, which reflects the relative action cross section for the dark state.  This 
dark state action spectrum indicates that the modulatable state absorbs a wide range of 
wavelengths.  While enhancement is observed over much of the scanned region, maxima 
occur at ~560 nm, ~780 nm, and 900 nm.  Spectral overlap between the secondary laser 
and the collected emission limits the high energy side of the 561 nm “peak” so the true 
maximum was not observed.  The dark state has the greatest absorption at the wavelengths 




Figure 4.3 AcGFP fluorescence enhancement dependence on secondary laser wavelength. 
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4.4 Characteristic Modulation Frequency 
 While knowing AcGFP can be optically modulated is important to its use in 
biological imaging, another parameter that dictates its utility is the rate at which the protein 
can be modulated.  As seen previously, co-illumination with the secondary 561 nm laser 
increased the detected fluorescence.  By modulating the secondary laser, this dynamically 
increases and decreases the AcGFP emission.   The result is an encoded secondary laser 
modulation waveform on the higher-energy fluorescence that can be extracted by Fourier 
transform.  The demodulated signal can then be recovered from the Fourier amplitude at 
the modulation frequency and the enhancement calculated as described in Section 2.6.2.  
Accelerating dark state decay, secondary laser excitation alters relative emissive and dark 
state populations to establish a new steady-state fluorescence intensity in a time that 
directly depends on the new rates in and out of the dark state manifold. Analogous to 
frequency domain lifetimes,178 the buildup and decay of steady state population takes a 
finite time and as modulation frequencies become faster than this the depopulation 
becomes faster than the buildup.  This is seen as a decrease in enhancement at frequencies 
higher than the inverse time to establish these populations.  Using optimal intensities for 
AcGFP modulation, the secondary laser was varied from a low frequency of 1 Hz to a high 
frequency of 10 kHz.  At each frequency, the enhancement was calculated and then plotted 
as a function of the secondary modulation frequency (Figure 4.4).   At high modulation 





Figure 4.4 Enhancement frequency dependence of purified AcGFP either in solution 
(black) or immobilized in polyacrylamide gels (red). 
 
The frequency that corresponds to a 50% decrease in the initial recorded amplitude 
yields a characteristic lifetime for the modulated fluorophore.  Data in Figure 4.4 was fit to 
Equation 2.10 and the modulation frequency at half the original value was recorded as the 
characteristic frequency.  In solution, the AcGFP characteristic frequency is 760 Hz which 
corresponds to an approximately millisecond timescale.  Fluorescent proteins are known 
to have an approximate millisecond diffusion time in water.183,184  Thus, to confirm the 
characteristic frequency determined with AcGFP in solution, the frequency dependence of 
immobilized AcGFP was also investigated (Figure 4.4, red).  The characteristic frequency 
for immobilized protein is 830 Hz confirming that the millisecond timescale is unique to 
the protein and not an artifact of diffusion.  It is important to note that these characteristic 
frequencies are intensity dependent.  As discussed earlier when studying the enhancement 
intensity dependence, the dark state being probed in modulation is dependent not only on 
the rate out but also the rate in, the latter of which is primary intensity dependent.  Thus, 
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characteristic frequencies will change depending on the primary and secondary intensities 
used and can be utilized later to determine other photophysical parameters (Section 4.5.2). 
4.5 Extraction of Photophysical Parameters 
As discovered with the investigation of optically modulated blue fluorescent 
proteins, understanding the photophysical parameters of the optical dark state involved is 
important in a number of other facets of modulation.  The photophysical on and off times 
can inform about the possible state involved in modulation and limitations of using AcGFP 
as a modulatable probe.  The following section discusses methods used to extract these 
parameters for AcGFP using both bulk and single molecule techniques. Bulk 
characterization is relatively easy and, with the appropriate fitting, can provide a look into 
the timescales associated with modulation.  However, single molecule spectroscopy is a 
powerful experimental technique that does average over the ensemble of behaviors, thereby 
yielding characteristic timescales and insight into possible complex fluctuations in AcGFP. 
4.5.1 Fluorescence Correlation Spectroscopy: One Laser versus Two Laser 
Fluorescence correlation spectroscopy (FCS) is an experimental technique using 
statistical analysis of the fluctuations of fluorescence in a system in order to decipher 
dynamic molecular events.48  As discussed in Sections 1.2.3.1 and 2.4, the basic concept is 
that as fluorescent molecules diffuse in and out of the detection volume the fluorescence 
fluctuations are recorded and then a proper correlation function is taken.  FCS has been 
used previously to investigate the photodynamics of green fluorescent proteins.50,185,186  
Thus, FCS seemed an appropriate method to begin teasing out the photophysical 
parameters of the dark state of AcGFP.  Initial characteristic frequency measurements 
suggest a timescale of ~1 millisecond.  However, previous reports of EGFP triplet states 
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suggested lifetimes of hundreds of microseconds.50  The possibility existed that the 
modulatable state was a longer-lived triplet state that was short enough to be resolved from 
diffusion in FCS.  To begin, primary illumination alone was investigated to see the 
unperturbed dynamics of AcGFP.  As seen in Figure 4.5 A, the correlation fits of AcGFP 
contain a diffusion component in the millisecond time range and a “triplet” fraction in the 
microsecond time frame.  As expected, increased primary intensity resulted in an increased 
fraction in the dark state along with the better contrast of the triplet and diffusion 
components.   Using the fitting parameters for the triplet fraction and associated time 
(Section 2.4), the calculated on and off times for the varying primary intensity were plotted 
(Figure 4.5 B).  Thus, initial evidence pointed to a ~300 microsecond dark state. 
 
 
Figure 4.5 Single laser FCS curves of AcGFP.  (A) FCS fits for varying primary intensities 
in the absence of the 561 nm secondary.  (B) Calculated on and off times for AcGFP from 
extracted fitting parameters assuming a single state model with diffusion of (A). 
 
If this is the state being modulated, co-illumination with secondary laser should 
show a reduction in the dark state population.  However, upon investigating the effect of 
the secondary laser on this dark state lifetime, the results were inconclusive as to any 
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change in the FCS-measured off time.  Additionally, the lack of contrast change in the 
correlation curve seemed to be accompanied by a change in apparent diffusion time (Figure 
4.6).  This change could be due to a photinduced process on the millisecond time scale but 
is convolved with the diffusion of the protein suggesting more techniques capable of 
probing long-lived states. 
 
 
Figure 4.6 FCS fits with (red) or without (black) 561 nm secondary illumination. The 
primary laser excitation was fixed at 10 kW/cm2. 
 
4.5.2 Modulation Frequency Intensity Dependence 
FCS measurements were inconclusive in the investigation of on and off times 
associated with the modulatable optical state.  Thus, the method used to investigate these 
times in BFPs was used.  As previously mentioned, the characteristic frequency is primary 
intensity dependent as it is a function of both the rate in and out of the dark state.  Thus, 
the natural off time of the modulatable dark state can be extracted from bulk solution of 
AcGFP.  This is done by recording the modulation frequency dependence at varying 
primary intensities.  The characteristic frequency is the sum of rate constant out of the 
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bright manifold and the natural rate constant of dark state decay, kon + koff.  In theory, 
extrapolation to the zero intensity is equivalent to no primary illumination and thus kon 
becomes zero and the characteristic frequency reflects the natural off rate, koff, of the dark 
state.  Thus, by plotting the inverse of the characteristic lifetime (c) as a function of 
primary laser intensity (secondary held constant at 30 kW/cm2), the natural off time (off) 
can be determined using the y-intercept as was done with the modBFP mutants.  By doing 
so, a frequency of 550 Hz is extrapolated and is predictive of an off time (1/y-intercept) of 
the modulatable state of AcGFP which is 1.8 (± 0.9) ms. It is important to note that the best 
results for this technique are gathered when the primary intensity can be varied by an order 
of magnitude and the enhancement is high enough to get a good fit for the characteristic 
frequency. 
Additional data can be gathered from the fluorescence time traces of modulation as 
well.  In the case of very fast response of the molecule to secondary waveform imposed on 
it, the fluorescent time trace would perfectly reflect the waveform.  However, there is a 
molecular response and there is a decay that is present once the secondary laser is turned 
off.  A square waveform was used as we wanted an immediate removal of the secondary 
to view the response with primary.  The decay on the falling edge of the square waveform 
is related to the kon + koff similarly to the characteristic frequency.  Thus, as was done with 
the previous modulation frequency experiments, the primary intensity was varied and the 
falling edge decays in the fluorescence time trace were measured.  After binning the data 
for the modulation frequency used, the individual decays were fit to the appropriate 
exponential decay and averaged together.  However, to make analysis faster, the time trace 
was converted into a histogram of the binned fluorescence in one period.   This one period 
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is the result of overlapping all the recorded cycles for a given time and the average photon 
counts and is used to find the decay of a single falling edge representative of all cycles 
(Figure 4.7 A).  The decay times (1/c) are then plotted versus the primary intensity (Figure 
4.7 B).  At the zero primary intensity, a frequency of 620 Hz is extrapolated, which is 
consistent with the modulation frequency data of a state with an off time of 1.6 (± 0.1) ms. 
 
 
Figure 4.7 Extraction of natural dark state off time using modulated time traces for AcGFP.  
(A) Histogram of 43 Hz modulated AcGFP signal and fit (red line) to a single exponential 
decay.  (B) The inverse of the characteristic time are plotted as a function of 476 nm 
primary excitation.  Secondary is held constant at 30 kW/cm2. 
 
4.5.3 Immobilized Single Molecules 
While FCS was inconclusive, and bulk intensity dependent modulation techniques 
pointed to a possible millisecond component that would have been unresolved in FCS, a 
new approach was needed to verify the longer-lived millisecond dark state off time for 
AcGFP.  Many longer time dynamics have been probed with single molecule techniques 
in which information is collected molecule by molecule.  The dark state responsible for 
modulation in silver nanoclusters were investigated in this way.74  By immobilizing single 
AcGFP proteins in a matrix of PAA, this removes the limitation that was present in FCS: 
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diffusion.  Thus, after collecting the fluctuations of the protein an autocorrelation can be 
fit without worrying about the diffusional component that normal FCS correlations account 
for.  Additionally, as predicted by the bulk experiments, it is likely that the autocorrelation 
will reveal a component on the millisecond timescale.  Data was collected for 100 AcGFP 
molecules with primary illumination alone to get an average.  The resulting averaged 
autocorrelation revealed two components: one on the ~300 microsecond timescale and 
another on the ~1 millisecond timescale (Figure 4.8).  Co-illuminating with both the 
primary and secondary laser (561 nm) showed a marked reduction in the millisecond 
component in the average autocorrelation of 30 molecules (Figure 4.8).  It was determined 
from the single molecule data that AcGFP has a 1.5 millisecond and 350 microsecond 
natural off time confirming the previous data taken from bulk experiments and FCS. 
 
 
Figure 4.8 Single molecule autocorrelations without (black) and with (red) illumination of 
the secondary 561 nm laser. 
4.6 Signal Recovery in High Background 
 Motivated by the ability to optically modulate the AcGFP fluorescence by longer 
wavelength illumination, we investigated selective recovery of AcGFP fluorescence in 
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cells.  Previously reported in Section 3.7, a blue fluorescent protein, modBFP/H148K, was 
selectively recovered over the high autofluorescent background of the cell under UV 
illumination.  Here, we also demonstrate the recovery of AcGFP in the presence of a non-
modulatable background distinguishing its emission from that of autofluorescence and 
from the similarly emitting, yet unmodulatable, EGFP.  For this purpose, NIH-3T3 cells 
were co-transfected with two plasmids, the first encoding AcGFP fused to a mitochondrial 
targeting peptide (mito-AcGFP), and the second to express EGFP as fluorescent 
background (transfection done by Dr. Pritha Bagchi) in fixed and live cells.  Imaging was 
performed in a stage-scanning confocal geometry utilizing 476 nm primary excitation and 
spatially overlapped, intensity-modulated secondary excitation at 561 nm.  Fluorescence 
was collected between 500 and 530 nm.  To generate cell images, the average fluorescence 
intensity and lock-in amplitude (intensity of the modulated fluorescence component) were 
recorded at each stage position (Section 2.8.2).  No emission was observed from secondary 
laser illumination alone, and background in blank or EGFP-only cells was non-
modulatable. 
Lock-in-based fluorescence demodulation at each stage position within the AcGFP-
expressing cells improves the visibility of fluorescence associated with mitochondria, 
primarily by suppressing the heterogeneous, unmodulated background.  Control mito-
AcGFP-only cells exhibit largely mito-AcGFP fluorescence, with other subcellular 
locations showing only dim residual background, resulting in modest (< 10%) contrast 
improvements upon background-removing demodulation (Figure 4.9).  When co-expressed 
with untargeted EGFP, cells show much higher overall emission that obscures much of the 
mitochondria-associated AcGFP fluorescence.  As only AcGFP fluorescence is modulated 
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by the secondary laser, selective recovery of the AcGFP signal over EGFP was readily 
achieved through demodulation, revealing the AcGFP-labeled mitochondria (Figure 4.10 
A & B) with a maximum signal-to-background ratio indistinguishable from that of the 
AcGFP-only control.  The most promising gain in signal visibility was observed in areas 
with low AcGFP presence and hence weak emission signals.  In formaldehyde-fixed co-
transfected cells, mitochondria were barely visible over background in the raw 
fluorescence images, exhibiting an average 1.4:1 ratio.  However, in the demodulated 
image the ratio increased to an average of 18.8:1, yielding a ~13-fold improvement of 
signal visibility.  Similarly, in live co-transfected cells, the raw fluorescence ratio of weakly 
emissive AcGFP signal was 1.2:1. Upon demodulation, the average ratio increased to 
12.1:1, again yielding a ~10-fold improvement upon demodulation.  
 
 
Figure 4.9 Fixed NIH-3T3 cells expressing mitochondria-targeted AcGFP. Primary 
intensity was held at 5.9 kW/cm2 and the secondary intensity (64 kW/cm2) was modulated 
at 300 Hz. (Left) Raw fluorescence image of AcGFP-labeled mitochondria. Min to max 
color bar is 0 to 10 × 105 photons counts. (Right) Demodulated image of AcGFP as lock-
in amplitude. The color map on the right is linear from min to max in each image, with no 
threshold applied. The raw fluorescence image intensity is in photon counts, and the 




Selective recovery of mitochondrial signal is also seen when both fluorescent 
proteins, AcGFP and EGFP, are targeted to different locations (Figure 4.10 C& D).  By 
targeting EGFP to the nucleus, the EGFP emission is much higher than that of AcGFP 
targeted to the mitochondria.  In formaldehyde-fixed co-transfected cells, mitochondria 
exhibited noticeably weaker fluorescence than did the nuclear EGFP in the raw 
fluorescence images, yielding an average 0.27:1 ratio.  However, in the demodulated image 
the ratio increased to an average of 6.6:1, yielding a ~24-fold improved signal recovery. 
Similarly, in live co-transfected cells, the raw fluorescence ratio of weakly emissive 
AcGFP signal was 0.25:1.  Upon demodulation, the average ratio increased to 5:1, again 
yielding a ~20-fold improvement upon demodulation.  The higher fluorescence exhibited 
in the nucleus created a larger lock-in noise level; thus, the visual effect of demodulation 
was not as pronounced as in the untargeted EGFP case.  However, a ratio image of the 
normalized demodulated signal to the normalized raw signal revealed that the mito-AcGFP 
signal was being modulated (Figure 4.10 E).  Based on the different dark state residences 
and selective long-wavelength optical recovery of fluorescence, AcGFP signals are readily 
distinguished from both autofluorescent background and the otherwise indistinguishable 
EGFP emission in fixed and live cells.   
The frequency employed in with this point-by-point scanning technique is 
controlled by the modulation frequency response curve; the faster the characteristic 
frequency, the shorter the dwell time.  In this case, the 300 Hz is utilized allowing for a 
dwell time on each pixel for 50 ms.  However, to recreate an image of 40  40 μm 
dimensions total time can be ~ 30 minutes.  This imaging time is quite long for applications 
with faster diffusing characteristics.  In order to image faster, optical demodulation 
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microscopy could be readily combined with other techniques (e.g., total internal reflection 
microscopy or spinning disk confocal microscopy) to further expand the scope, sensitivity, 
and speed of live cell imaging. 
 
 
Figure 4.10 Selective fluorescence recovery of mitochondria-targeted AcGFP in the 
presence of high EGFP background fluorescence in NIH 3T3 mouse fibroblasts. In all 
cases, the primary laser intensity was held at 5.9 kW/cm2 and the secondary intensity (64 
kW/cm2) was modulated at 300 Hz. EGFP was untargeted and measured in (A) fixed cells 
and (B) live cells or EGFP was targeted to the nucleus in (C) fixed and (D) live cells. (Left) 
Raw fluorescence image of AcGFP-labeled mitochondria and EGFP. (Right) Demodulate 
image of lock-in signal to raw fluorescence.  (Left) Raw fluorescence image of AcGFP-
labeled mitochondria and EGFP.  (Right) Ratio image of lock-in signal to total fluorescence 
image. (E) Ratio image of (C).  The color map is linear from min to max in each image, 
with no threshold applied. The raw fluorescence image is reproduced in units of photon 





Expanding modulation to fluorescent proteins offers greatly improved sensitivity 
by removing the spatially heterogeneous background typically encountered in biological 
imaging, and the opportunity to further distinguish signals from multiple proteins with 
strongly overlapping spectra.  Because secondary illumination is lower in energy than the 
collected fluorescence, no additional background is introduced, and heterogeneous cellular 
fluorescence and obscuring fluorophore signals are readily removed to yield order-of-
magnitude increased signal visibility in fixed and live cells.  The already-demonstrated 10- 
to 20-fold sensitivity improvement provides motivation for even more dramatic gains as 
proteins are bred for modulation depth and characteristic frequency, thereby greatly 
expanding signal recovery applications in biological and medical imaging.  Additionally, 
long-wavelength modulation expands the dimensionality to discriminate FP emitters based 
on dark state lifetimes.  Once fully mechanistically understood and optimized, this would 
allow for similarly emitting modulatable proteins to be selectively modulated by varying 








SPECTRAL VARIANTS & PROPOSED MECHANISM  
FOR OPTICAL MODULATION IN FLUORESCENT PROTEINS 
 
In previous chapters, two proteins of different spectral properties were found to be 
capable of long wavelength fluorescence modulation.  Along with their usefulness in 
cellular imaging, the proteins were studied for photophysical parameters that are 
characteristic of the modulated state.  Evidence pointed towards the presence of a long-
lived dark state that allowed for modulation and the presence of a long-lived dark state was 
consistent across proteins.  This leads to two questions: 1) are there proteins within other 
spectral regions capable of long-wavelength modulation and 2) what is the possible 
mechanism for modulation in fluorescent proteins?  This chapter explores the modulation 
capability of other spectral variants containing tyrosine chromophores.   In order to better 
understand the modulatable state, the chromophore environment is probed with structural 
changes that could be controlled through mutation and environmental factors such as pH 
and deuterated solvent to provide insight into modulation factors.  Additionally, contrasts 
between unmodulatable and modulatable proteins in the same spectral region and 
modulatable proteins across spectral regions are considered.  A proposed mechanism 
derived from these results is discussed. 
5.1 Introduction 
 As reviewed in the Introduction, these spectral variants are derived from various 
sources.  While some are created from the WT-GFP107,110, others have been identified from 
other organisms32,117.  All of the proteins discussed here are similar in their inclusion of a 
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tyrosine chromophore that is present within the -barrel.  While the blue fluorescent 
proteins (Chapter 3) and most green fluorescent proteins (Chapter 4) were previously 
introduced, a short description of the other proteins investigated is given.  
5.1.1 Padron* 
In order to expand the dual color imaging of photoswitchable proteins, researchers 
worked to create proteins with different switching properties.  Many photoswitchable 
proteins are controlled by “negative” switching in which UV illumination primes the 
protein to the on state and blue (488 nm) illumination converts the protein to the dark, off 
state while emitting green fluorescence.118-120,124  The problem with most photoswitchable 
proteins is that they all use the same illumination for switching.  To broaden the number of 
labels in dual color imaging, proteins were modified to have “positive” switching 
capabilities in which the protein has the opposite reaction to illumination sources.119  While 
the green emission still comes from blue (488 nm) photons, this excitation also results in 
the protein being in the on state and can be reverted to off with UV light.  The first protein 
to be found with these properties was Padron (indicative of the reverse switching properties 
of Dronpa).119,122  While Padron was a great advancement, a few more mutations (N94H, 
I100S, P141R) for low temperature monomer creation for applications lead to the protein 
known as Padron*.119  Padron* has an absorption maximum at 500 nm, a lesser absorption 






Figure 5.1 Absorption (solid) and emission (dash) spectra of room-temperature 
equilibrated Padron* in PBS at pH 7.4.  Emission spectra taken with excitation at 470 nm. 
 
5.1.2 Yellow Fluorescent Proteins 
Created for use in FRET experiments because of the favorable overlapping spectral 
properties with its partner, cyan fluorescent protein, and yellow fluorescent proteins (YFPs) 
are characterized by their 515 nm excitation and 525 nm emission peaks (Figure 5.2).  The 
red-shifted spectral properties are suggested to arise from the T203Y substitution in the 
GFP variant as the tyrosine results in π-stacking interactions between the chromophore and 
the highly polarizable phenol.88,91,110,187  Unfortunately, for use in cellular imaging studies 
early YFPs were plagued by excessive pH sensitivity, halide interference, and poor 
photostability.107,111  Venus, developed by introducing five mutations into the well 
characterized variant, enhanced yellow fluorescent protein (EYFP), improved maturation 
and brightness and greatly reduced environmental dependence.109,188,189  Of all the 
fluorescent proteins derived from the Aequorea genus, yellow fluorescent proteins are the 





Figure 5.2 Absorption (solid) and emission (dash) spectra of yellow fluorescent proteins, 
EYFP (red) and Venus (black) in PBS at pH 7.4. Emission spectra taken with excitation at 
480 nm. 
 
5.1.3 Red Fluorescent Proteins 
To further extend the fluorescent protein palette into a spectral region of low 
autofluorescent background, researchers continue to develop fluorescent proteins with 
redder emission than that of the YFP variants.  Six proteins from the non-bioluminescent 
Anthozoa class corals were isolated and determined to only share a 26-30% identity to 
Aequorea GFP.117,190  However, the proteins displayed the same -barrel structure first seen 
in GFPs and, more importantly, the two most crucial residues contributing to the 
chromophore of GFP, Y66 and G67.117  Some of the important polar residues contacting 
the chromophore, such as R96 and E222, were conserved in the coral proteins.  The species 
tested exhibited fluorescence from blue to red.  However, DsRed was from a red portion 
of a Discosoma species92,113 and had excitation and emission maxima at 558 and 583 nm, 
respectively (Figure 5.3).  This was the first report of a wild-type red fluorescent protein 
and work began to modify the protein for improved photophysical characteristics and 
decreased oligomerization.114-116  The first attempts created mRFP1 which improved the 
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quantum yield, photostability, and maturation compared to DsRed.30-32  However, mCherry 
of the “mFruits” showed the most promise with even greater red shift to an excitation of 




Figure 5.3 Absorption (solid) and emission (dash) spectra of red fluorescent protein, 
dsRed-monomer in PBS at pH 7.4.  Emission spectra taken with excitation at 594 nm. 
 
5.2 Spectral Variants Modulation Summary  
The prospect of other tyrosine-based fluorescent proteins led to the investigation of 
fluorescent proteins across the visible spectral range.  However, the investigation of every 
fluorescent protein and possible variants available would be an arduous task and beyond 
the scope of this work.  Instead, a representative group of fluorescent proteins were chosen 
based on the following criteria (in order): tyrosine-based chromophore, commercially 
available, high use in cellular studies, and available, solved crystal structures or other 
structural data.  The blue fluorescent proteins selection was discussed in Chapter 3.  In the 
green fluorescent protein family, EGFP and AcGFP are highly used for cellular imaging 
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and have resolved structures in the RCSB Protein Data Bank (PDB) as seen in Chapter 4.  
An additional green fluorescent protein, Padron*, was added to the collection as the Tolbert 
group was working on researching excited state transient absorption of Padron* and its 
variants to determine dark states in the protein.  This could add insight into modulation 
states and possible timescales so Padron* is useful for this study.  The additional proteins 
studied are red-shifted from the blue and green fluorescent proteins already investigated.  
The yellow fluorescent proteins chosen were EYFP, Venus, and YPet.  The red fluorescent 
proteins selected were dsRed-monomer, mRFP1, and mCherry. 
While the blues and most of the greens were extensively investigated previously in 
this work, the yellow and red fluorescent proteins had not been tested for optical 
modulation.  As the end goal is the use of these proteins in cellular studies, the six 
remaining proteins were transfected into cells, fixed, and tested for fluorescence 
enhancement via long-wavelength modulation.  The yellow fluorescent proteins were 
studied with 476 nm primary and 594 nm secondary while collecting fluorescence at 500-
535 nm.  The red fluorescent proteins were investigated with 561 nm primary and 700 nm 
secondary illumination, while collecting fluorescence at 550-600 nm.  Despite the fact that 
an absolute enhancement and appropriate characteristic timescales may be muddled with 
the background of the cell, this approach allows for a fast determination of secondary laser 
enhancement without the purification of all the proteins.  Initial experiments suggested that 
all yellow fluorescent proteins tested and only dsRed-monomer of the red fluorescent 





Table 5.1 Spectral Variant Modulation Summary.  Information was obtained from purified 













modBFP 390/450 405 514 4 16 
mKalama1 385/456 405 514 0 ― 
EGFP 488/507 476 561 0 ― 
AcGFP 480/505 476 561 8 760 
Padron* 503/522 476 561 12 750 
EYFP 514/527 476 594 12 800 
Venus 515/528 476 594 16 816 
YPet† 517/530 476 594 9 ― 
dsRed-m 556/586 561 700 27 3000 
mRFP1† 587/610 561 700 0 ― 
mCherry† 587/610 561 700 0 ― 
 
Based on the cellular modulation experiments, the group of proteins to be purified 
for further modulation characterization was narrowed.  The purified EYFP, Venus, and 
dsRed-monomer were prepared by Dr. Irina Issaeva of the Fahrni group and the purified 
Padron* was prepared by Dr. Russell Vegh of the Tolbert group.  With these proteins, 
optical modulation and characteristic frequencies can be measured and compared to the 
blue and green fluorescent proteins already studied.  Table 5.1 is a summary of those 
results.  For the greens and yellows, a primary intensity of 1.9 kW/cm2 and secondary 
intensity of 25 kW/cm2 was used.  DsRed-monomer required a high primary intensity of 
13 kW/cm2 and a secondary of 100 kW/cm2 for both 543 nm and 561 nm excitation.  
Padron* has the same characteristic frequency as AcGFP, but slightly higher enhancement.  
The yellow fluorescent proteins have between 12-16% enhancement, and a characteristic 
frequency slighter higher than the greens and an order of magnitude faster than the blues.  
The red fluorescent proteins exhibit the highest enhancement at 27% with 561 nm 
excitation, and the fastest characteristic frequency, though 543 nm excitation also resulted 
in enhancement but at 17% for similar excitation intensities.  These results yield a basis for 
109 
 
the comparative analysis of structural features important for optical modulation. The blue, 
green, and red-emitting proteins are of particular interest for mechanistic determination as 
these groups contain at least one modulatable protein and one non-modulatable. 
5.3 Secondary Wavelength Dependence 
In BFPs and GFPs, the proteins exhibited a dependence on the secondary laser 
wavelength.  AcGFP exhibited a dark state action spectrum far into the red (~900 nm).  As 
select yellow and red fluorescent proteins also show modulation and frequencies similar to 
AcGFP, the possibility existed that these proteins may also have dark state action 
spectrums far into the red region.  Studies were carried out with Padron*, EYFP, and Venus 
solutions and excited with a 476 nm primary laser (2 kW/cm2) while the secondary 
wavelength was scanned from 594 nm to 950 nm (22 kW/cm2).  Figure 5.4 shows the 
resulting secondary laser scan (700 to 950 nm), which reflects the relative action cross 
section for the dark state.  This dark state action spectrum indicates that the modulatable 
state absorbs a wide range of wavelengths similar to AcGFP.  Interestingly, whereas 
AcGFP peaked at 780 nm, Padron*, EYFP, and Venus had the similar peak shifted by ~20 
nm to 800 nm.  DsRed-monomer was excited at 561 nm primary laser (18 kW/cm2) and 
the secondary wavelength was scanned from 700 nm to 850 nm (113 kW/cm2).  There is 





Figure 5.4 Dark state action cross section spectra scanned by secondary laser wavelength 
of AcGFP, Padron*, EYFP, Venus, and dsRed-monomer.  Green and yellow proteins are 
excited with 476 nm and dsRed is excited with 561 nm. 
 
Work was done to confirm the dark state spectrum of the fluorescent proteins in 
collaboration with Ariel Marshall of the Perry group at Georgia Institute of Technology.  
Previous transient absorption experiments of silver nanoclusters had proven useful in 
understanding the excited state dynamics and explaining the secondary wavelengths in 
modulation. Ultrafast transient absorption spectroscopy is commonly used to investigate 
the excited state absorption of a molecule.  Briefly, a femto- or nanosecond laser is used to 
excite sample and prime the molecules to a higher energy level (“pump”).  After a defined 
delay time, the sample is scanned with another continuous light source to “probe” the 
spectrum of molecules in the lowest excited state.  However, conclusive information for 
the green and yellow fluorescent proteins could not be obtained.  The time resolution of 
the nanosecond transient absorption was a possible limitation.  After the nanosecond pulse, 
the probe delay capability was only hundreds of microseconds before the next pulse.  Initial 
information gathered from the frequency dependence data suggested a 1-2 millisecond time 
component for the optically modulated state.  Though, if the dark state is efficiently 
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populated, a small transient absorption would likely be present on the hundreds of 
microsecond timescale.  Thus, dark state transition must not be as efficient as expected 
resulting in a relatively small intersystem crossing quantum yield to the modulatable state.  
A quick calculation of the dark state quantum yield using other extracted timescales 
revealed the dark state quantum yield to be ~0.01%.  With low probability of entering the 
dark state from one pulse of the pump laser it is unlikely to see a distinct spectrum upon 
visible light probing. 
5.4 Structural Dependence 
Just as site-directed and random mutagenesis of fluorescent proteins investigations 
have revealed that fluorescence is highly dependent on the three-dimensional structure of 
amino acid residues surrounding the chromophore, so is the optical dark state responsible 
for long-wavelength modulation.  Not only do these mutations alter spectral characteristics 
of fluorescent proteins, mutations and structural differences of green, yellow, red, and 
photoswitchable proteins have demonstrated the change in photophysical lifetimes.  Using 
protein structure visualization software such as Swiss PDB Viewer, the proteins having 
similar emitting characteristics were aligned and compared.  Of particular note were the 
amino acids within 4 Å of the tyrosine chromophore, as at these distances hydrogen 
bonding and steric interactions are likely to affect the chromophore most. 
5.4.1 Blue Fluorescent Proteins 
As seen in Chapter 3, altering interactions between the chromophore and the 
surrounding amino acid residues enabled tuning fluorescence enhancement.  Based on the 
prediction of a cis/trans isomerization, coupled with a photo-induced 
protonation/deprotonation, mutations to the H148 positions were made to test the 
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hydrogen-bonding amino acids that better stabilize the anionic trans-chromophore in the 
ground and excited states, increasing population and residence of this kinetically trapped, 
but photo- and thermally reversible dark state.  Such H-bonding and steric bulk near the 
chromophore are likely to raise the barrier separating cis and trans forms, increasing the 
dark state lifetime. Coupling photoisomerization with different chromophore protonation 
states rationalizes the observed red-shift of the dark state absorption relative to the ground 
state absorption spectrum, enabling the observed optical modulation.  This initial 
hypothesis resulted in the marked improvement of modulation depth in mod-BFP/H148K 
and production of modulation in mKalama1.  Additionally, the modulation differences 
were supported by altered optical on and off times (Section 3.4.3).  The structural mutation 
for bright emission of mKalama1 may limit the production of the long-wavelength 
absorbing dark state.  To date, there are no solved crystal structures of mKalama1 or 
modBFP.  The closest crystal structure was published by Shu et al. with the S205V 
mutation.98  However, as mutations can result in amino acid rearrangement within the 
pocket, better assumptions could be made with solved x-ray structures. 
5.4.2 Green Fluorescent Proteins 
The extensive work with GFPs has resulted in a wealth of information on the 
structural dependence on spectral changes and timescales.  Three GPFs have been tested 
for modulation in this work, resulting in discovery that AcGFP and Padron* are 
modulatable while EGFP is not.  In an attempt to further understand these differences past 
the simplified BFP case, this section discusses similar mutagenesis results on the 
photoswitchable green-emitting protein Padron* and the comparison of AcGFP and EGFP. 
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In BFPs, the mutation of H148 was based on the proximity and hydrogen bonding 
of the histidine to the phenol of the Y66.  Mutation was made to increase and decrease the 
pKa of the surrounding amino acid seen by the chromophore to stabilize one conformer 
over its conjugate.  This approach was also taken for Padron*, mutating the histidine in the 
194 position (H194) which aligned with H148 in the modBFP sequence.  Random 
mutagenesis with all the natural amino acids was carried out by the Tolbert group and 
targets were selected by bright green emitters.  Using 2 kW/cm2 primary and 25 kW/cm2 
secondary, the enhancement of the proteins were compared.  The variants were all 
modulatable ranging from 11-15% (Padron* = 12%) for the tested primary and secondary 
intensities (Figure 5.5).  Unlike the mutations made to modBFP, the Padron* mutations 
showed little effect.  As many of the variants have side chain residues that cannot be 
protonated or deprotonated, the discussion may be focused more on the steric bulk of the 
194 position.  Padron* is a known photoswitch and can undergo cis/trans isomerization; x-
ray crystallographic data on closely related Padron 0.9 confirms the π-stacking of the 
histidine with the hydroxyphenyl ring of the cis chromophore.122  Thus, steric hinderance 
may alter the energy barrier of switching.  A smaller amino acid may free the chromophore 
environment to lower the barrier to the higher energy trans state sapping from the lower 
energy absorbing state (modulatable state).  If the lower energy absorbing state does not 
build up an efficient population then the secondary laser would not significantly depopulate 
the state leading to a reduction in fluorescence enhancement.  However, Padron* has 
additional mutations to that of Padron119 or Padron 0.9122 and resolved structures may better 





Figure 5.5 Fluorescence enhancement of Padron* and H194 variants at 2 kW/cm2 (476 nm) 
and 25 kW/cm2 (594 nm). 
 
Taking another approach to the discussion of structural dependence on modulation, 
a comparison between the modulatable AcGFP and unmodulatable EGFP is made.  One 
advantage of this comparison is the known ground state configurations of the amino acids, 
which allows for structural comparison that can lead to structural tuning of modulation 
depth.  As mentioned in detail in Chapter 4, the AcGFP structure was solved by Gurskaya 
et al. and listed under PDB identity 3LVA.180  Enhanced GFP (EGFP) was studied by 
Royant et al. for the stabilizing role of glutamic acid 222 and is listed under PDB identity 
2Y0G.191  Swiss PDB Viewer was used to align the two proteins around the chromophore 
Y66 that they share in common.  Figure 5.6 displays the amino acids residing 4 Å from the 
ground state chromophore and the structural alignment between the two proteins.  EGFP 
is 92% homologous with AcGFP and the most notable differences within the 4 Å sphere 
are Y220 and G222 (L220 and E222 in EGFP).  These noted mutations were the amino 
acids engineered to turn the colorless acGFPL into the single band green emitter.180  
Compared with EGFP, the AcGFP chromophore resides in a different stabilizing 
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environment with structural rearrangements to surrounding interacting amino acids such as 
the T203.  The stabilizing effects of E222 and proton pathway exchange of T203 are well 
studied.192,193  The engineering in EGFP to stabilize the cis anionic chromophore may 
eliminate dark state populating processes that are facilitated in AcGFP.  This could lead to 
inefficient dark state population at which long wavelength modulation could work.  One 
disadvantage of examining only the ground state configuration is it does not tell anything 
about excited state structure or interaction. 
 
 
Figure 5.6 Structural alignment and rendering of AcGFP (3LVA, cyan)180 and EGFP 
(2Y0G, green)191.  Amino acids within 4 Å of the chromophore (blue) are highlighted in 
the image and in yellow in the structural alignment.  Differences within this distance are 
indicated in green in the alignment. 
 
5.4.3 Red Fluorescent Proteins 
Despite the low overall homology between Aequorea GFPs and Discosoma RFP, 
the tyrosine chromophore is protected by a surrounding amino acid network in both 
proteins.  Previous investigations of AcGFP and EGFP showed the structural differences 
and their possible relation to modulation.  The same was done with dsRed and mCherry 
with the advantage that each is from the same species (as mCherry was directly evolved 
from dsRed).  Similarly, mCherry is mutated to exhibit favorable photophysical parameters 
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for cellular imaging such as further red-shift, brightness, and photostability.33  These 
rounds of mutagenesis resulted in an 80% homology with dsRed and a 30 nm shift in 
absorption.  Again, two amino acids within the 4 Å distance around the chromophore are 
different between dsRed and mCherry (Figure 5.7).  The pKa of the amino acid in the 163 
position has changed from a positively charged, high pKa (K163) that may favor more of a 
neutral chromophore to a negatively charged, low pKa (Q163) that may favor the anionic 
chromophore.  Additionally, serine in the 197 position in dsRed is the aliphatic amino acid, 
isoleucine, in mCherry that may eliminate a stabilizing force or proton pathway that was 
available in dsRed.  As a point of reference to GFPs, the amino acids corresponding to Y66 
and E222 are numbered Y67 and E215, respectively, in dsRed. 
 
 
Figure 5.7 Structural alignment and rendering of dsRed (1G7K, orange)116 and mCherry 
(2H5Q, magenta)33.  Amino acids within 4 Å of the chromophore (blue) are highlighted in 
the image and in yellow in the structural alignment.  Differences within this distance are 
indicated in green in the alignment. 
5.5 pH Dependence 
While the structural organization of the chromophore environment is important, 
comparison of structural differences are only a part.  Examination of ground state structures 
give the first glimpse at possible long-wavelength shifted dark states, but they are static 
and give limited information of dynamic processes such protonation/deprotonation events 
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in the protein.  Numerous studies have investigated the dark state dynamics of various 
fluorescent proteins and have shown the dependence of photophysical lifetimes on pH or 
other environments.50-52,140,143,144,194-196  Dark state conversion can be both pH-sensitive and 
pH-insensitive, with photophysical processes taking place on the s to 1 ms timescales.  To 
further investigate photophysical timescales and processes of modulatable proteins, the 
PBS (pH 7.4) that the proteins were stored in was exchanged for buffered solutions with 
pH values from 4.5 to 10.5 (Section 2.2.3).  The fluorescence enhancements were measured 
and the photophysical on and off times extracted for green, yellow, and red fluorescent 
proteins.   
As the absorption spectra and resulting fluorescence intensity is dependent on pH, 
the fluorescence enhancement is calculated by the Fourier transform at a modulation 
frequency of 1 Hz (Section 2.6.2.1).  This allows for the normalization of the enhancement 
to the fluorescence intensity of the solution.  A marked reduction in fluorescence 
enhancement at low pH values was noted in all proteins (Figure 5.8).  However, the range 
in which the protein enhancement becomes the most sensitive varies.  In green fluorescent 
proteins, the enhancement is reduced at low pH, regained at neutral pH, and seems to rise 
again at more basic pH (Figure 5.8 A).  Though in yellow fluorescent proteins, 
enhancement is reduced at low pH, is regained at neutral pH, and stays constant through 
basic pH (Figure 5.8 B).  Interestingly, other than at very low pH (pH 4.5) where protein 
denaturation could begin to occur, the fluorescence enhancement is not significantly 
changed with enhancement being only slightly higher at neutral pH (Figure 5.8 C).  The 




Figure 5.8 pH dependence of fluorescence enhancement for (A) green, (B) yellow, and (C) 
red fluorescent proteins.  (A) and (B) were recorded with 476 nm at 1.8 kW/cm2 and 800 
nm at 22 kW/cm2.  (C) was recorded with 543 nm (13 kW/cm2) and 720 nm (130 kW/cm2).  
(D) Comparison of all proteins at pH 5.5, 7.5, and 9.5. 
 
This change in modulation can be quantitatively measured in the change of 
fluorescence enhancement and the on and off times.  As total observed enhancement is 
dictated by the on and off times (Enhancement = off/on), a change in fluorescence 
enhancement results of alterations in ground state on and off times.  In addition to the 
measurement of fluorescence enhancement, the on and off times of the fluorescent proteins 
was measured as a function of pH.  Doing so, the potential for understanding the role of 
protonation/deprotonation dynamics on the dark state lifetime can lead back to a reason for 




As discussed in previous chapters, the on and off times can be extracted from the 
characteristic frequency.  The extrapolation to the zero primary intensity reflects the natural 
off rate, koff, of the dark state.  Thus, the characteristic frequency of the proteins for pH 5.5, 
7.5, and 9.5 were measured with the same parameters in Figure 5.8 D (476 nm/800 nm at 
22 kW/cm2 for greens and yellows, and 543 nm/720 nm at 130 kW/cm2 for red).  The 
characteristic frequency (c) was plotted as a function of primary laser intensity and the 
natural off time (off) was determined by the y-intercept (Table 5.2).  For most proteins, a 
lower pH (pH 5.5) displayed a shorter off time compared to pH 7.5.  This is one possible 
explanation for the decrease in observed enhancement as faster natural decay (1/off) of the 
protein results in less population in the dark state to be affected by the secondary laser.  As 
the pKa of the chromophore environment changes, the protonation state of the chromophore 
or surrounding animo acids could change.  As a result, the stabilization of the chromophore 
is altered.  However, the change is not very significant and the protonation states may play 
a small role in dark state lifetimes. 
 
Table 5.2 Extracted Off Times of Green, Yellow, and Red Fluorescent Proteins as a 
Function of pH.  All times are in milliseconds.  Recorded with the parameters used in 
Figure 5.8D, color coding corresponds to the colors in Figure 5.8D. 
Protein pH 5.5 pH 7.5 pH 9.5 
AcGFP 1.6 (± 0.1) 2.4 (± 0.6) 2.8 (± 1.6) 
Padron* 3.0 (± 0.5) 2.4 (± 0.1) 2.9 (± 0.1) 
EYFP 0.9 (± 0.2) 1.5 (± 0.1) 1.2 (± 0.1) 
Venus 1.5 (± 0.2) 2.6 (± 0.9) 1.5 (± 0.4) 
dsRed-m 0.9 (± 0.1) 1.3 (± 0.2) 0.7 (± 0.1) 
 
Previous reports have studied the pH-dependent dynamics of dark states in green 
and red fluorescent proteins.  Some flickering was pH-dependent as seen in GFPs50,51,185,197 
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and some RFPs52,195, while others were pH-independent as dsRed51.  The fast (< 100 s) 
dynamics were attributed to the protonation/deprotonation of the chromophore.  However, 
long-lived timescales associated with flickering in fluorescent proteins has also been 
observed.  These longer-lived timescales may be convolved with conformational 
rearrangements and cis/trans isomerization.198  In the case of dsRed, the dsRed crystal 
structure exhibits an extensive hydrogen bond network with reduced conformational 
freedom than many other RFPs.195  The observed pH-dependence may stem from the 
structure configuration of the chromophore.   At a neutral pH, a hydrogen bond between 
the chromophore and Q215 exists, which pulls the chromophore out of its planar 
conformation causing a red shift of the spectrum and a decreased brightness. At a pH that 
causes the hydrogen bond between the Q215 and the chromophore to be broken, 
conformational rearrangements will be favored.  A similar pH-dependence has been 
recently observed in a related chromoprotein.    
Transferable to the other fluorescent proteins, extensive hydrogen bond networks 
exist in many of the proteins investigated.  As the pKa of the chromophore environment 
changes, the protonation state of the chromophore or surrounding amino acids could 
change.  At acidic pH, a population of fluorescent proteins do exhibit a protonated 
chromophore as an increase in the 400 nm absorption peak is observed.  However, as dark 
state absorption occurs at longer wavelength than fluorescence, a protonation of the 
chromophore is not likely the probed species in modulation.  As seen in the structural 
information (Section 5.4.), there are many surrounding amino acids within 4 Å of the 
chromophore with the possibility of protonation.  For example in GFPs, T203 and T205 
contain hydroxyl groups and R96, Y145, H148, and E222 contain side chains with varying 
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pKa (Figure 5.6).  The alteration of the protonation state of these may decrease the ground 
stabilizations of the chromophore which was observed with the decrease in off and 
reduction in enhancement.  However, modulation may be more than the change in 
protonation of amino acids in the ground state configuration and that interactions in the 
excited state are also important. 
5.6 Deuterated Solvent Dependence 
Deuterium exchange has been used to examine the reaction dynamics in a number 
of systems.  In fluorescent proteins, researchers observed the marked isotope effect on the 
excited state dynamics of WT-GFP which was attributed to an excited state proton transfer 
(ESPT).138  They noted a reduction in excited state proton transfer rate with deuterium, for 
a kinetic isotope effect of ~5.193,199  Many other fluorescent proteins and their ESPT 
processes have also been studied.  Thus, the kinetic isotope effect has an essential role in 
the mechanistic determination of optical states in fluorescent proteins and is useful to study 
with modulation. 
As such, the PBS at pH 7.5 was exchanged with deuterated buffer (DPBS) at pD 
7.5 (2.2.4) and the fluorescence enhancement and characteristic dark state off times 
measured.  Similar to the conditions for measuring pH dependence, green and yellow 
fluorescent proteins were recorded with 476 nm at 1.8 kW/cm2 and 800 nm at 22 kW/cm2.  
DsRed was recorded with 543 nm (13 kW/cm2) and 720 nm (130 kW/cm2).  Unlike the 
absorption spectra change in pH studies, exchange with DPBS at pD 7.5 does not result in 
a change of the absorption spectra of the proteins.  However, the fluorescence enhancement 
decreases for all proteins to a varying degree (Figure 5.9).  Interestingly, while most 
proteins show a reduction by half in enhancement, Padron* showed a negligible decrease.  
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Figure 5.9 Deuterated buffer effect on fluorescence enhancement of green, yellow, and red 
modulatable fluorescent proteins. 
 
  The characteristic frequency (c) was measured as a function of primary laser 
intensity and the natural off time (off) was calculated for the proteins in DPBS (Table 5.3).  
Unlike the pH dependence that showed a decrease in off times with low pH, the off times 
are not altered with DPBS exchange.  Additionally, the characteristic frequency at a 
constant primary intensity is similar for proteins in PBS and DPBS.  For example, the 
characteristic frequency of AcGFP is 855 (± 208) Hz in PBS and 856 (± 222) Hz in DPBS.  
Thus, as c is the sum of kon and koff, there was no observable change in the dark state 
lifetimes that explained the recorded reduction in enhancement. Thus, the reduction in 




Table 5.3 Extracted Off Times of Green, Yellow, and Red Fluorescent Proteins as a 
Function of Deuterium Oxide.  All times are in milliseconds.  Recorded with the parameters 
used in Figure 5.9, color coding corresponds to the colors in Figure 5.9. 
Protein PBS DPBS 
AcGFP 2.4 (± 0.6) 2.3 (± 0.3) 
Padron* 2.4 (± 0.1) 2.5 (± 0.4) 
EYFP 1.5 (± 0.1) 1.6 (± 0.1) 
Venus 2.6 (± 0.9) 2.3 (± 0.2) 
dsRed-m 1.3 (± 0.2) 1.4 (± 0.8) 
 
The proton transfer dynamics of surrounding amino acids can either shift the dark 
state spectrum or affect the energy barrier of the ground and/or excited state.  Examination 
of the dark state action spectrum of AcGFP in DPBS (pD 7.5) revealed the spectrum was 
unaltered (Figure 5.10).  Thus, this along with the unaltered timescales suggests that the 
modulatable state is present and that ground state dynamics may be unaffected leading to 
the probability of a key role of the excited state.  ESPT is much faster than the slow 
dynamics (~ 1 ms dark state) probed in modulation and may not be captured in ground state 
dark state lifetime.  Along these lines, deuterium exchange may be altering the excited state 
proton transfer (which is still relatively fast compared to modulation) which results in a 
change of the barrier which is ultimately recorded with the change in enhancement. 
 
Figure 5.10 Dark state action cross section spectra scanned by secondary laser wavelength 
of AcGFP in PBS at pH 7.5 (red) and DPBS at pD 7.5 (pink).  Primary laser is 476 nm. 
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5.7 Proposed Mechanism of Fluorescent Protein Modulation 
The information gathered here suggests an optically modulated dark state that is 
controlled by both ESPT and cis/trans photoisomerization.  Protonation dynamics have 
been reported in a number of proteins and are useful in the generation of proteins with 
different spectral emissions.  While modification of excited state proton transfer rates leads 
to emission wavelength control, photoinduced isomerization (“trans/cis”) is a parallel but 
low quantum yield process.  The isomerization by itself is insufficient to significantly shift 
wavelengths in fluorescent proteins implying the joint control of the coupled proton 
transfer relay with this to create the long-wavelength absorbing dark state needed for 
modulation.  When coupled to the proton transfer process, the combined long-lived 
isomerization and wavelength-shifting (proton transfer) processes has yielded several 
photoactivatable proteins, as well as switching proteins.  Although published crystal 
structures of the fluorescent proteins all indicate a ground-state in the cis conformation, the 
trans conformation, coupled with proton transfer to yield the neutral chromophore leads to 
the presence of dark states from which anionic fluorescence is recoverable upon re-
irradiation at 405 nm.  Several recent crystal structures of both stereoisomers have been 
obtained, including the photoswitchable protein Dronpa, providing further evidence that 
the so-called dark state of GFP and some of its derivatives is the trans isomer. 
Altering fluorescence enhancement stems from tuning interactions between the 
chromophore and the surrounding amino acid residues. As balanced rates in and out of the 
dark state are crucial for modulation, a hypothesis about possible states conferring 
modulatability can be made. While kon is the product of excitation rate and dark state 
quantum yield, koff is the natural decay out of the dark state and is associated with an energy 
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barrier for back reversion to the fluorescent manifold (Figure 5.11). Consistent with our 
observed long dark state lifetimes and known roles of photoisomers in photoswitches and 
other fluorescent proteins, the hydrogen-bonding amino acids that better stabilize the trans-
chromophore in the ground and excited states increase population and residence of this 
kinetically trapped, but photo- and thermally reversible dark state. These interactions 
would thereby enhance modulatability. Such hydrogen-bonding and steric bulk near the 
chromophore are likely to raise the barrier separating cis and trans forms, increasing dark 
state lifetime. Coupling photoisomerization with different chromophore protonation states 
rationalizes the observed large red-shift of the dark state absorption relative to the ground 
state absorption spectrum, enabling the observed optical modulation. 
 
 
Figure 5.11 A possible schematic of energy levels involved in optical modulation. 
Excitation of cis state forms an excited state that can interconvert into the trans state that 
is coupled with ESPT to create a long-wavelength absorbing state. The natural decay out 




Mutations of residues near the chromophore are likely to affect the energy barrier 
inhibiting back reversion. Conversely, mutation of residues near the trans configuration 
could have a more direct impact on the trans back reversion energy barrier.  The data 
presented supports the possible mechanism.  Differences in ground state x-ray crystal 
structures between modulatable and non-modulatable proteins point to different stabilized 
cis ground states that are also reflected in altered enhancement.  pH and deuterated buffer 
dependence of the enhancement points to an excited state proton transfer that affects the 
Erev.  This is important for the optimization of modulatable proteins as done with non-
modulatable mKalama1 (Section 3.6). 
5.8  Conclusions 
In the quest to understand the mechanism of optical modulation, the spectrum of 
fluorescent proteins capable of optical modulation has been extended to yellow and red 
fluorescent proteins.  In addition to the modBFP and AcGFP fluorescent proteins identified 
and characterized in previous chapters, Padron*, EYFP, Venus, and dsRed-monomer have 
been identified with modulation depths up to 27%.   Interestingly, the identified green, 
yellow, and red fluorescent proteins have dark state absorptions far into the red (~ 900 nm) 
as exhibited in the dark state action spectrum of the studied proteins.  While initial 
photophysical timescales extracted for modBFP and AcGFP suggested cis/trans 
isomerization as a contributing factor to the modulation mechanism, photoisomerization 
may not have been sufficient enough to cause the far red-shift of the dark state absorption.  
Thus, further studies were done to understand the complete picture of modulation including 
conditions effecting the protonation of the chromophore pocket.  The pH dependence of 
modulation suggested that protonation plays a role in natural photophysical off time of all 
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proteins.  However, the deuterated solvent dependence supports an ESPT associated with 
the back reversion of the transient dark to the ground state.  This informs the proposed 
modulation mechanism that is the result of coupled cis/trans isomerization and protonation 
of surrounding amino acids.  In this system, fluorescent proteins capable of modulation 
have a transiently trans isomer that is stabilized by the hydrogen bond network increasing 
the barrier of reversion.  Knowledge of this proposed mechanism allows for the 





PHOTOSWITCHABLE PROTEINS IN DUAL MODULATION 
 
Fluorescent proteins have become indispensable tools in fluorescent imaging.  With 
the discovery of photoswitchable fluorescent proteins, imaging modalities expanded into 
applications to investigate subcellular organization and dynamics. These 
phototransformable proteins allow repeated switching between a fluorescent and a non-
fluorescent state in response to specific wavelengths of light, resulting in processes known 
as photoactivation, photoconversion, or photoswitching.  As discussed in the Introduction, 
these proteins have led to advancements in spatial resolution and imaging contrast.  Of 
particular interest to this fluorescent protein research is the photoswitchable protein Dronpa 
and similar variants.  The photophysics and imaging applications of these particular 
photoswitchable proteins are investigated. 
6.1 Introduction 
Dronpa, a 28.8 kDa monomer, is 76% similar in sequence to GFP and shares a 
similar structure with an 11 stranded β-barrel.127  Dronpa exhibits an absorption maximum 
at 503 nm (arising from the anionic, deprotonated chromophore) with a minor peak at 392 
nm (from the neutral, protonated chromophore).123,124  The anionic chromophore emits 
green fluorescence with a maximum at ~520 nm and has a brightness level almost 2.5 times 
that of EGFP.119 Dronpa photoswitching occurs in part by interconversion between the 
deprotonated (on state; bright) and protonated (off state; dark) forms.118,120  Illumination at 
488 nm drives Dronpa to the dark species after which the fluorescent protein can be 
subsequently switched back on by brief illumination at 405nm (Figure 6.1).  The primary 
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mechanism of fluorescent protein photoswitching is thought to arise from cis-trans 
isomerization of the tyrosine-chromophore moiety that accompanies the changes in the 
protonation state and this cycle can be repeated several hundred times.  
 
 
Figure 6.1 Schematic of reversible photoswitching of Dronpa adapted from Sample et al. 
and Kao et al.200,201  Upon irradiation at 405 and 488 nm, Dronpa switches between dark 
and bright states (grey and green, respectively).  The tyrosine chromophore adapts cis 
(bright) and trans (dark) configurations coupled with protonation/deprotonation of the 
phenol moiety. 
  
Photoswitchable proteins are characterized by a number of factors including 
reversibility, mode of switching, and switching times. Of the reversible proteins, many are 
characterized by a ‘negative’ mode of switching indicating that irradiation of the protein 
with blue light not only excites the fluorescence, but also converts the proteins from the 
fluorescent on-state to the nonfluorescent off-state.118,125,202  Dronpa, a reversibly 
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photoswitchable fluorescent protein with negative mode switching, has a switch-off half-
time (488 nm irradiation) of several seconds. However, several variants of Dronpa with 
faster switching times, reversed photoswitching properties, and broader spectra have been 
reported.118  Table 6.1 lists some examples of these proteins and their photophysical 
properties reported from the literature.  While Dronpa is currently the most widely studied 
and used for most cell biology applications, alterations to Dronpa have been done to 
generate new proteins with different switching properties.  Dronpa-2 and rsFastLime, 
which contain mutations to the 159 and 157 position, respectively, have significantly 
reduced switch-off half-times compared to Dronpa; thus, accelerating the switching 
kinetics of these proteins.118  bsDronpa, also with mutations to the 157 and 159 positions, 
exhibited a broad asymmetric absorption spectrum that was shifted to a shorter wavelength. 
 
Table 6.1 Photophysical characteristics of negative-mode, reversibly photoswitchable 













489/396 515 0.23 s/0.05 s 118 





489/396 504 1 ms/< 20 s 141 
 
These different photophysical properties allow for many different applications 
based on experimental constraints.  Commonly combined with super-resolution 
techniques, multiple groups have reported sub-diffraction-limited spatial resolution of 
131 
 
cellular structures in the literature.14,16,18,35,62,149  Additionally, Dronpa and other 
photoswitches have been useful in optical imaging.  Using optical lock-in detection 
(OLID), Marriott et al. have demonstrated a 20-fold improvement of Dronpa signal over 
background.17  Unfortunately, some of the disadvantages of photoswitchable proteins still 
exist in imaging.  The first is that two higher energy lasers are required in most techniques 
for switching. The second is the need for a background-free environment.  In super-
resolution, most samples must be free of obscuring background to ensure fluorescent signal 
can be detected from the limited number of switched proteins.  In OLID, while samples 
themselves do not have to be background-free, a pure reference dye must be placed in a 
background-free area to get the model waveform.  In this chapter, some of these imaging 
issues are addressed by introducing a dual optical modulation methodology.  In addition to 
the modulation of the secondary laser, the primary laser (the one responsible for 
fluorescence) is also modulated, and the technique is deemed dual modulation. 
6.2 One Laser versus Two Laser Switching 
The normal switching control for negative-mode switching fluorescent proteins is 
405 nm laser irradiation to prime the fluorescent on-state, and 488 nm laser irradiation to 
induce fluorescence and switch the protein back to the dark, non-fluorescent state.  With 
constant 488 nm illumination the photoswitchable protein will eventually become dark; 
thus, in most experimental setups the 405 nm laser is switched on, or pulsed, to switch it 
back.   The number of switching occurrences is not unlimited; eventually the protein will 
become either photobleached or irreversibly damaged.  However, constant, weak 488 nm 
illumination combined with switching the 405 nm at a specific frequency will result in 
fluorescent time traces that mirror the waveform used for 405 nm switching.   This is 
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demonstrated in Figure 6.2A, which shows the switching of Dronpa-2 with 488 nm (50 
W/cm2 intensity) and 405 nm (900 W/cm2 intensity) modulated a 1 Hz.  Fourier transform 
of the time traces shows a 1 Hz signal of the Dronpa-2 switching (Figure 6.2 B).  However, 
at the same intensities and frequencies, cells not transfected with a photoswitchable protein 
also produced a 1 Hz signal from endogenous fluorophore background (Figure 6.2 C).  
Thus, an imaging modality based on image reconstruction using the Fourier transform 
signal from only 405 nm modulation frequency will have problems with signal to 
background contrast.   
 
 
Figure 6.2 Photoinduced switching of Dronpa-2 in fixed NIH 3T3 cells with 1 laser.  (A) 
Fluorescent time traces Dronpa-2 (black) and non-fluorescent NIH 3T3 cells (red). The 
bottom graphic represents the switching pattern used. Dark cyan represents the constant 
488 nm illumination and purple represents the applied 405 nm 1 Hz sine wave.  (B) Fourier 
transform of Dronpa-2 time trace and (C) non-fluorescent control cells shown in (A). 
 
In an attempt to overcome this, the modulation technique was modified so that the 
photoswitchable protein displays a unique signal after Fourier transform of the time trace.  
In long-wavelength modulation, the second laser, which is responsible for the increased 
enhancement, is of longer wavelength than emission; however, in the case of the 
photoswitchable proteins the “secondary” laser (405 nm) is the laser responsible for 
creating the fluorescent state. Thus, the 488 nm laser, which is responsible for the 
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fluorescent signal, becomes the “primary” laser.  By modulating both the secondary and 
primary lasers, the resulting Fourier transform of the photoswitchable protein will display 
both the fundamentals of each laser frequency but also additional sidebands at the sum and 
difference frequencies.  Since this signal is unique to only the protein, the cellular 
background will show the fundamental frequencies but not the sum and difference 
frequencies.  In the Dronpa-2 1 laser example, only the 405 nm laser is modulated resulting 
in one waveform imprinted on the time trace.  However, in the 2 laser modulation case 
there are two frequencies.  As seen in Figure 6.3, the secondary laser is modulated at 2 Hz 
and the primary laser is modulated at another frequency, 25 Hz.  After Fourier transform 
of the signals both Dronpa-2 and the non-fluorescent control have the 2 Hz and 25 Hz peaks 
(Figure 6.3 B and C).  However, only Dronpa-2 Fourier transform has the sidebands of 23 





Figure 6.3 Dual modulation switching of Dronpa-2 in fixed NIH 3T3 cells.  (A) Fluorescent 
time traces Dronpa-2 (black) and non-fluorescent NIH 3T3 cells (red). The bottom graphic 
represents the switching pattern used. Dark cyan represents the 488 nm illumination at 25 
Hz and purple represents the 405 nm 2 Hz sine wave applied.  (B) Fourier transform of 
Dronpa-2 time trace and (C) non-fluorescent control cells shown in (A).  (D) The overlay 
of (B) with 10 offset and (C) to showcase the lack of peaks at 23 Hz and 27 Hz in non-
fluorescent control cells. 
 
To this point, the examples shown have been of Dronpa-2; however, other 
photoswitchable variants (e.g., rsFastLime and rsEGFP) also exhibited this sideband 
characteristic, though the magnitude of the effect differs for each protein.  To compare the 
proteins, the intensities of the 488 nm and 405 nm were held constant and the two lasers 
are modulated at relatively low modulation frequencies.  The enhancement of each protein 




Table 6.2 Dual Modulation Enhancement of Photoswitchable Proteins. 





6.3 Controlling Optical Switching 
As seen in Table 6.1, each photoswitchable variant has an inherent off switching 
and on switching half-time associated with the particular protein.  As previously noted, the 
chromophore environment controls the kinetic switching observed.  The times reported in 
Table 6.1 are the intensity dependent lifetimes taken from a high intensity pulse of the 405 
nm laser and then low illumination with 488 nm light.  However, actual values are intensity 
dependent and result in inconsistent values depending on intensities and methods used.  To 
avoid inconsistencies in comparing variants with dual modulation, the frequency response 
of the individual proteins under the same intensities was taken.  Understanding the 
photophysics and response times of each protein is important to understanding the 
dynamics and applications the photoswitchable proteins can investigate.   
Similar to long-wavelength modulation, the characteristic frequency of a protein 
has proven useful in understanding its photophysics and possible applications.  Thus, the 
first experiment was to ascertain the characteristic frequency for the photoswitchable 
proteins that exhibited the sideband effect.  Holding the 488 nm frequency constant and 
with the intensity at 500 W/cm2, the frequency of the secondary 405 nm laser (900 W/cm2) 
was scanned and the enhancement at each frequency was plotted.  As the primary frequency 
can also affect the amplitude of the sidebands, this was repeated with other 488 nm 
frequencies (Figure 6.4).  In general, for all the proteins tested the characteristic frequencies 
recorded were all below 100 Hz.  Dronpa-2 exhibited the fastest characteristic frequency 
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of ~30 Hz.  rsEGFP and rsFastLime had lower characteristic frequencies ~5 Hz.  This 
information becomes the first step for understanding the limitations of the dual modulation 




Figure 6.4 Frequency dependence of photoswitchable proteins.  The 488 nm intensity is 
fixed at 360 W/cm2 (43Hz) and the 405 nm frequency is varied (900 W/cm2). 
 
Thus, it became apparent that in order to understand the photoswitchable protein 
photophysics it is more important to change the 488 nm intensity at constant 488 nm 
frequency.  At a fixed 43 Hz modulation of the 488 nm laser, the intensity is varied over 
an order of magnitude and the 405 nm laser frequency is scanned (Figure 6.5).  At higher 
488 nm intensity, the signal from the photoswitchable protein is stronger, as reflected in 
larger amplitude of the sidebands.  Thus, the maximum enhancement recorded is larger.    
While the 488 nm intensity dependence is very prominent with Dronpa-2 and rsEGFP, the 





Figure 6.5 Intensity dependent frequency response of photoswitchable proteins.  The 405 
nm intensity is fixed at 900 W/cm2 and the frequency varied for (A) Dronpa-2, (B) rsEGFP, 
and (C) rsFastLime. 
 
6.4 Dual Modulation Imaging 
As shown in Section 6.2 of this chapter, the advantage of dual modulation is the 
selective modulation of the photoswitchable protein over endogenous (or non-modulatable 
exogenous) background.  In contrast to the reference dye used with OLID cross-correlation, 
the sum/difference sidebands arising from this make reconstruction of an image possible 
using only the amplitude of one of the sidebands frequencies. We demonstrated this 
advantage with NIH-3T3 cells transfected with rsFastLime localized to the mitochondria.  
In the case of 405 nm laser modulation only, the 488 nm laser is held at a constant 50 
W/cm2 and a total of 1200 frames were collected on a CCD with a frame rate of 90 
frames/sec.  When the image of the average fluorescence per pixel is displayed, the 
resulting image showed not only rsFastLime-mito but also other endogenous fluorophores 
present in the cell (Figure 6.6 A). Upon Fourier transform of each pixel in the time series, 
an image was reconstructed based on the amplitude of the 2 Hz signal (Figure 6.6 C).  
Though an image can be made, the signal improvement of the demodulated image was not 
improved from the raw fluorescence image. Alternatively, a model time trace (Figure 6.6 
B, inset) can be used to correlate to each pixel in the image series (Figure 6.6 D).  In this 
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OLID-like image reconstruction, the signal improvement of rsFastLime signal to 
background is ~5:1.   
 
 
Figure 6.6 OLID-like image reconstruction of rsFastLime-mitochondria with one laser 
modulation.  (A) Average fluorescence image of all frames in the time series. (B) Fourier 
transform of pixel at pink point, inset: time trace at the same spot. (C) Image plotting 
amplitude of the 2 Hz signal in FT. (D) Correlation amplitude when correlated with the 
time trace of B inset.  Scale bar: 15 m. 
 
Our dual modulation method does not rely on finding a model waveform with good 
signal to background.  Instead, the data was collected the same as in single laser modulation 
and the only additional requirement is the external modulation of both lasers. The raw 
fluorescence image of the average fluorescence intensity per pixel was similar to that seen 
in the one laser case (Figure 6.7 A).  However, upon Fourier transform of each pixel in the 
time series, the pixels with rsFastLime-mito now displayed the fundamental frequency of 
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the two lasers, but also the sidebands (Figure 6.7 B).  By plotting the amplitude at one of 
the sideband frequencies (15 Hz) a clearer image of rsFastLime-mito was revealed (Figure 
6.7 C).  This post-processing takes minimal time and results in a signal to background 
improvement of ~6-fold (using only one sideband), the same or more than achieved with 
the OLID-like correlation.  However, the addition of both sidebands together would likely 
achieve a 2 improvement beyond this.  Also, the images recreated here are limited to only 
the autofluorescent background generated.  More significant background from a similar 
emitting background would result in even better signal to background improvement using 
dual modulation versus using OLID-like correlation. 
 
 
Figure 6.7 Image reconstruction of rsFastLime-mitochondria with two laser modulation.  
(A) Average fluorescence image of all frames in the time series. (B) Fourier transform of 
pixel at green point.  (C) Image plotting amplitude of the 15 Hz signal in FT as pointed out 
with black arrow.  Scale bar: 15 m. 
 
6.5 Future Applications of Dual Modulation 
While the advantages of dual modulation in imaging have been shown, the 
possibility for applications is abundant.  As seen in Section 6.3, the switching of particular 
proteins can be controlled with the 488 nm intensity.  This allows the protein to be tailored 
to a particular application depending on the dynamics being investigated.  Dual modulation 
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can benefit fluorescence imaging two ways: improved contrast imaging and sensitive 
detection of slow dynamics such as protein binding.  As seen previously in this chapter, 
dual modulation can be used in imaging.  The use of high primary intensity results in larger 
sideband height, leading to better enhancement.  Images with high heterogenous 
background can show greater improved contrast in this case. 
 Another application in which the slow dynamics of the photoswitchable proteins is 
useful is in the discrimination of immobilized and diffusing populations.  In a diffraction-
limited spot, the residence time of a diffusing protein is limited to ~1 millisecond.  A slow 
switching fluorescent protein must reside in the focal spot for a relatively long period of 
time in order to be affected by both slow modulating lasers.  Freely diffusing proteins will 
move through before the protein can have this effect.  However, proteins that are 
immobilized or limited in movement will reside long enough to have an effect.  Thus, in 
cells of diffusing rsFastLime, the resulting Fourier transform will display no sidebands.  
Cells with rsFastLime immobilized in the mitochondria, the lasers adequately switch the 





Figure 6.8 Fourier transform of rsFastLime freely diffusing (purple) or targeted to the 




Reversible photoswitchable proteins have been used extensively in super-resolution 
imaging.  However, the utility of these proteins in other imaging modalities has been quite 
limited.  The use of two higher energy lasers for switching leads to problems with the 
autofluorescent background in cellular imaging.  Our lab has approached these problems 
with using two modulated higher energy lasers.  Investigation of the Dronpa variant 
photophysical properties reveals slow characteristic frequencies which are consistent with 
the long timescales previously reported.  The main advantage of the dual modulation 
technique in cellular imaging is the suppression of heterogeneous autofluorescent 
background.  Unlike other similar techniques, dual modulation does not need an internal, 
background-free reference.  Reconstruction of the modulation image takes minimal time 
and results in signal to background improvement similar to correlation techniques.  
However, additional work needs to be done to completely understand the photophysical 
parameters.  Additonally, proof-of-principle work has been done with using rsFastLime in 
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distinguishing diffusing and immobilized populations.  However, attempts to image the 
two populations in a single cell have been unsuccessful.  Though imaging techniques such 
as total internal reflection limit the imaging dimension in the z-direction, the motion in x 
and y dimensions still result in sidebands from diffusing protein.  There are specific 
biological questions that can be answered through using diffraction limited spot and the 





CONCLUSIONS AND OUTLOOK 
 
 
 Fluorescence microscopy in cellular imaging has become an essential tool for the 
investigation of subcellular locations and dynamics.  While many fluorophores have been 
created to visualize targets of interest, the minimally invasive, biocompatible fluorescent 
proteins have become the preferred fluorophores for many cellular applications.  
Fluorescent proteins have been developed with a broad range of fluorescence emission 
spectral profiles covering most of the visible light spectrum.  However, despite these 
advantages, fluorescent protein use is still limited in some applications.  Firstly, cellular 
imaging is messy and full of inherent background fluorescence and although work has been 
done to brighten or change the spectrum to less absorbing wavelength low population levels 
in the cell suffer from sensitivity issues in the background. Additionally, most multi-label 
schemes depend on the spectral discrimination between fluorescent proteins limiting the 
number of fluorescently labeled targets at one time.  The expansion of optical modulation 
to fluorescent proteins to increase sensitivity and dimension in imaging would make great 
strides in overcoming these disadvantages and aiding understudied cellular dynamics. 
While previous reports of modulation with nanoparticles and dyes, this is the first 
demonstration of optical modulation of fluorescent proteins for the purpose of imaging.  
We have demonstrated that a number of proteins across the spectrum experience an 
increase of fluorescence with second long-wavelength excitation; however, not all proteins 
do.  We have elucidated the photophysical characteristic parameters that point to a 
~millisecond timescale.  Additionally, modulate the signal to dynamically shift the signal 
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of interest away for total fluorescence and that extracting this signal increases sensitivity 
not only in autofluorescent background, but up to 20-fold in the presence of high, 
heterogeneous background.  The sensitivities of the chromophore environment to structural 
and sometimes solvent conditions allows for the study of possible mechanisms which likely 
involve a cis/trans coupled to a protonation/deprotonation.   
An alternative approach to high sensitivity of a target protein over background is 
change the technology to extract an even better signal.  Modulating both lasers shifts the 
extracted signal away from background and only specific protein of interest is seen.  
Extremely advantageous in the case of normal photoswitches that utilize two higher energy 
lasers, we have demonstrated improved sensitivity in imaging relative to traditional ways.  
Additionally, we have shown that this method can be used to control the timescales of 
switching to tailor to specific applications.  Harnessing these advantages in better imaging 
technologies allows for difficult cellular system, such as low-copy number concentration 
of proteins or weak transient interactions, to be studied in vivo. 
Fluorescent proteins coupled with this technology is in its infancy and require more 
development and understanding to truly outweigh the traditional approaches to imaging.  
While the modulatable proteins is nice, the reported modulation depths are still 
significantly less than reported in engineered nanoparticles and organic dyes.  Additionally, 
the approximately one millisecond timescale for modulation limits the speed of imaging 
for looking at fast dynamics.  These can be addressed in protein engineering.  In order to 
do so, better understanding of the mechanism is needed.  The results reported here strongly 
agree with the proposed mechanism; however, more traditional techniques lack in the 
ability to investigate this transient state.  X-ray crystallography need longer lived or 
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permanent states such as studied with photoswitches.  Transient absorption lacks time 
resolution to one millisecond and detection of low quantum yield dark states.  Evolving 
technologies could eventually come to light, such as computational methods to help.   
Despite this, the groundwork has been laid for great potential in cellular imaging.  
This project has the potential to expand in two directions.  One being the improvement of 
modulatable fluorescent proteins and the other being the study of cellular applications that 
would benefit from this.  The potential for even greater sensitivity improvement provides 
motivation for proteins established for modulation depth and characteristic frequency, 
thereby greatly expanding signal recovery in multiple applications. Additionally, long-
wavelength modulation expands the dimensionality to discriminate FP emitters based on 
dark state lifetimes.  This would allow for similarly emitting modulatable proteins to be 
selectively modulated by varying the modulation frequency, thus inherently offering an 
additional dimension for multispectral imaging.  Taking advantage of the technology can 
be expanding the biological understanding.  Weak interactions that need to restrict the 





OPTICAL MODULATION OF NON-TYROSINE CHROMOPHORE 




While many spectral shifts have been effected through tuning the tyrosine 
chromophore environment, other approaches have altered the chromophore.  Cyan 
fluorescent proteins are created from replacement of the tyrosine 66 (Y66) with a 
tryptophan (W66) leading to an absorption maximum of 436 nm and broad emission 
centered at 485 nm.86  Further mutations incorporating the F64L and S65T that improved 
WT-GFP resulted in the production of an enhanced version (ECFP) with greater brightness 
and photostability.104,203  The most successful applications using ECFP have been coupling 
it with yellow fluorescent protein (YFP) and derivatives to generate FRET biosensors 
capable of monitoring a wide spectrum of intracellular processes.160,204,205  Among the 
improved cyan fluorescent proteins, CyPet55 and an enhanced cyan variant termed 
Cerulean103 show the most promise as fusion tags, FRET biosensors, and for multicolor 
imaging. The Cerulean fluorescent probe was engineered by site-directed mutagenesis of 
enhanced cyan fluorescent protein to yield a higher extinction coefficient, improved 
quantum yield, and a fluorescence lifetime decay having a single exponential component 
for better FLIM-FRET measurements.101-103,189   
The frequently used fluorescent proteins for FRET experiments (ECFP, EGFP, 
EYFP, and Citrine) are all susceptible to reversible photobleaching leading to the 
generation of a nonfluorescent species, which recovers spontaneously or through 
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illumination.134,196,206  These processes may cause significant artifacts in a number of 
commonly applied quantitative imaging techniques.  Sinnecker et al. documented a 
dynamic equilibrium between reversible photobleaching, spontaneous recovery and light-
induced recovery.206  Of particular interest to this work was the co-illumination of ECFP 
cells with 430 nm and 500 nm light that resulted in a partial recovery of the fluorescence 
intensity.   
A.2 Modulation of Cyan Fluorescent Proteins 
 As with the survey of proteins investigated in Chapter 5, ECFP, mCerulean, and 
CyPet were transfected into NIH 3T3 cells and studied for long-wavelength modulation 
before purification.  The expressing cells were excited with a primary 405 nm diode and a 
secondary 514 nm Ar+ laser collecting fluorescence 430-474 nm.  Initial studies with 500 
W/cm2 405 nm and 35 kW/cm2 514 nm showed ~5-8% enhancement for all tested CFPs 
validating the observed reports of Sinnecker et al.206  As with many of the proteins in this 
thesis, Irina Isseava of the Fahrni group purified ECFP and mCerulean for further studies 
of absolute enhancement and characteristic frequency.  However, studies of ECFP and 
mCerulean in PBS (pH 7.4) showed no enhancement at 480 W/cm2 405 nm and 26 kW/cm2 
514 nm (similar intensities used for enhancement in cells).  As Sinnecker et al. performed 
these experiments in cells equilibrated at pH 5.5206 and our fixation method may also lower 
the pH of the protein environment, ECFP and mCerulean were diluted into acetate buffer 
at pH 5.4.  At the same intensities used to investigate the proteins in PBS pH 7.4, ECFP 
showed ~20% enhancement at pH 5.4.  This suggested a pH dependence of the modulation 
in CFPs.  Thus, ECFP and mCerulean were diluted in a pH range of 4 to 8 (Section 2.2.3) 
and the enhancement was recorded.  Enhancement at pH 4 was not recorded as there was 
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no fluorescence (at 405 nm excitation) after equilibrating in pH 4 buffer; however, all other 
pH dilutions showed a strong absorbance band at 433 nm with little shift in maximum.   
 
 
Figure A.1 Fluorescence normalized pH dependence of ECFP and mCerulean 
enhancement at 480 W/cm2 (405 nm) and 26 kW/cm2 (514 nm). 
 
 
Figure A.2 Primary (405 nm) intensity dependence of ECFP enhancement at pH 5.5.  
Secondary is held at 30 kW/cm2. 
 
For both ECFP and mCerulean, enhancement is increased at low pH (Figure A.1).  
However, ECFP enhancement is gained at a higher pH (~pH 6.0) than mCerulean 
enhancement (~pH 5.4).  Interestingly, as seen in Figure A.2, the power dependence of 
ECFP (at pH 5.5) reflects a similar trend to modBFP and variants (Section 3.4.1).  The 
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modulation frequency dependence was also recorded for ECFP and mCerulean.  
Examination of the frequency response showed a slow response with the characteristic 
frequency ~100 Hz (Figure A.3).  However, the response was not able to be fit to Equation 
2.10 because of a shallow slope and plateau points lacking at low frequency.  This suggests 
that a better model will need to be made to understand the true photophysics of modulation 
in cyan fluorescent proteins.  
 
 
Figure A.3 Normalized modulation frequency dependence as a function of pH for ECFP 
(black) and mCerulean (red).  Primary was 480 W/cm2 and secondary was 30 kW/cm2. 
  
A.3 Comparison of ECFP and mCerulean 
 The difference in apparent pKa of modulatable state between ECFP and mCerulean 
may lead to an understanding of modulation in fluorescent proteins.  As the chromophore 
of CFPs, tryptophan, is not protonatable, the protonation state of the chromophore may not 
be as a factor in modulation.  Though, as surrounding amino acids do have pKa, the 
protonation of those amino acids and the immediate chromophore environment pKa may 
change with pH.  Using the crystal structures of ECFP and Cerulean,101 an investigation of 
the structural difference and rearrangement of Cerulean compared to ECFP was done.  A 
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major difference is the replacement of the histidine in the 148 position of ECFP to aspartic 
acid in Cerulean (H148D).  Structural data suggests the H148D mutation results in a 
favored cis conformation in Cerulean likely triggering a switch in indole hydrogen-bonding 
partner from S205 in ECFP to D148 in Cerulean, at least in acidic media.101  H148 was 
also an important point of mutation in modBFP (Section 3.4), conferring better modulation 
by destabilizing the cis configuration.  Additionally, the difference in pKa of histidine (pKa 
= 6) and aspartic acid (pKa = 3.65) could explain the pH dependence in ECFP and 
mCerulean.  These factors point to a change in the chromophore environment that may 
explain the pH dependence between ECFP and mCerulean, but further studies are needed. 
A.4 Conclusions and Future Outlook 
The light-induced reversible photobleaching first reported by Sinnecker et al. was 
also seen in our results.  However, modulation of ECFP and mCerulean could only be 
achieved at low pH and low primary intensity (< 5 kW/cm2).  The modulation of tryptophan 
chromophore proteins expands on the understanding of modulatable states in fluorescent 
proteins.  The unprotonatable chromophore, but similar structure, may help predict key 
mutations for better modulation or more stable modulation across a pH range.  
Additionally, the pH dependence of modulation of CFPs can be developed as a sensor for 
in vivo experiments.  Of interest may be FRET systems that need improved sensitivity.  
Our lab has shown the advantage of modulation in FRET systems previously,207 this could 
be extended to protein FRET systems using the CFP-YFP partners such as 
calmodulin.159,160,208  However, better models for photophysical determination is still 
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